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Positive-Plate Self-Discharge in the Lead-Acid Cell 


Joun J. LANDER 
Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


Specific gravity changes on stand in lead-acid cells having 12 per cent antimonial 


> 


sal grids were followed for 46 months. Self-discharge at the positive plate was found tooccu: 
% F at rates comparable to negative-plate self-discharge. It appears to proceed primarily 


found to reduce PbO, in sulfurie acid. 


INTRODUCTION 


As part of an experimental program to determine 
the effects of long-term wet storage on lead-acid 
cells, a number of cells were allowed to stand under 
sulfuric acid of various gravities. The decreases in 
gravity were measured from time to time, and it is 
believed that the results obtained, together with 
other information, may be interpreted to show the 
primary cause of self-discharge at positive plates 
with antimonial grids. 

Vinal (1) regards positive-plate self-discharge as 
occurring as the result of a reaction which is the 
same as the cell reaction: 


PbO, + Pb + 2H.SO, = 2PbSO, + 2H,0. (1) 


Zachlin has done extensive work on the general 
subject, and his papers (2, 3) contain a substantial 
vibliography. Positive-plate self-discharge is de- 
wribed in his work as being due to ‘local action” 
and no attempt is made to define it further. 

Greenburg and Caldwell (4) studied positive-plate 
self-discharge, and their experiments appear to lay 
it nearly quantitatively to three causes: first, that 
which results in grid corrosion according to equa- 
tion (1); second, that represented by the empirical 
equation : 


= PbO. + HSO, — PbSO, + H.O + '40,; (ID) 
rin and third, chemical reaction of unformed PbO: 

PbO + H.SO, = PbSO, + (III) 
sts. EXPERIMENTAL 

ie Sixteen aircraft cells, having a rated capacity of 


\6 amp-hr at the four-hour rate and having 12 per 
vent Sb grids, which had been received in the dry- 
harged condition, were given a freshening charge 
ior several days and then cycled a few times to de- 
velop capacity. They were then discharged for 419 
ours at 4 amp and the electrolyte was dumped. 
"our groups of four cells each were filled with acid 
vhich was adjusted to specific gravities 1.385, 1.345, 
1.290, and 1.245, respectively, after sufficient mixing 


‘Manuseript received January 7, 1952. 


iP MENT 


through oxidation of the antimony in the grid by the PbO, in the plate. Hydrogen gas was 


with the spent acid retained after draining.2 The 
cells were equipped with nonspill plastic caps so 
that evaporation was slow. Nevertheless, over the 
long periods of time involved, it was appreciable and 
watering was necessary. Sufficient time was allowed 
for diffusion mixing before making specific gravity 
measurements, which were made with an accuracy 
greater than necessary for subsequent calculations. 

After 46 months one cell from each group was 
taken apart, and active material from positive and 
negative plates of each cell was analyzed using x-ray 
diffraction. Samples of active material from each 
plate of the 1.290 cell were analyzed by boiling in 
ammonium acetate solution and weighing the residue 
(metallic Pb, or PbO.). Grid corrosion from one cell 
of each group (except the 1.290 group) was deter- 
mined by stripping the corrosion product from the 
grids in boiling ammonium acetate solution and 
comparing their stripped weights with those for grids 
from a new, freshly charged cell similarly stripped. 

RESULTS AND CONCLUSIONS 

The average gravity for each group of cells as a 
function of time is shown in Fig. 1. From these data, 
and from the volume of electrolyte in the cell (240 
ec), the weights of H.SO, used up were calculated, 
and the values obtained are given in Table I to- 
gether with the original weight of H.SO, present. 

These cells have three positive plates and four 
negative plates. The original weight of one positive 
grid 58 g, the weight of PbO, in one positive plate 
69 g, and the weight of Pb in one negative plate 
~49 g. The original discharge would have left 130 g 
Pb and 131 g PbO, in each cell and complete reac- 
tion of these amounts of active materials would re- 
quire 116 g of H.SO,. The values for acid consump- 
tion given in Table I are in error to the extent that 
increase in volume of the active material due to con- 
version to PbSO, was not taken into account. If this 


? The discharged cells were refilled with new acid because 
previous work had indicated that if the acid was allowed to 
go to water on self-discharge, internal shorts might be ex- 
pected to develop on charging after stand. No shorting was 
observed for these cells. 
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volume increase is considered, and if it is assumed 
that all the active material has reacted, then values 
can be calculated for the final specific gravities. If 
the measured values of final gravity are higher than 
those calculated, the active materials have not com- 
pletely reacted, and an approximate correction can 
be applied to the original values of acid consumed. 
The corrected results are given in Table II. In addi- 
tion, the specific gravity data of Fig. 1 have been 
converted to grams of acid used based on the cor- 
rected data, and the results are shown in Fig. 2. 
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TIME (MONTHS) 
Fre. 1. Changes in specifie gravity with time 
TABLE I. Weight of H.SO, consumed per cell in 46 months 
Gravity groups 


Wt of H2SO, available, g Wt consumed, g 


1.585 | 161 103 
1.345 | 142 112 
1.290 118 103 


1.245 | 98 | 94 


Evidently self-discharge must have gone very nearly 
to completion at both plates. 

The x-ray analyses of active material from the 
positive plate indicated substantially complete con- 
version to PbSQ, in every case. The x-ray patterns 
for the negative-plate active material showed small 
amounts of lead remaining in each case. The chemi- 
cal analysis of active materials from the 1.290 cell 
showed 97 per cent conversion of PbO, and 80 per 
cent conversion of Pb. These values calculate to 
101 g of H.SO, used up, a result in fair agreement 
with the corrected specific gravity data. The dif- 
ference (105-101) may be due to sulfation of the 
negative grids and corrosion of metallic lead in the 
positive grids. 
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The results of measurements of grid corr: sion ay, 
given in Table III. If the difference foun abo. 


could be completely ascribed to corrosion of |e, 


from ‘the positive grids, then 8.5 g of lead woyly 
have been converted to PbSOy The reinaining 
weight loss (assuming that the 1.290 cells corroda 


TABLE II. Comparison of calculated and measured final 
gravilies 


Final gravity 
| Acid consumed 


Gravity group (corrected) 


Calculated for | 
complete reaction 
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o-1245 
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TIME (MONTHS) 


Fic. 2. Corrected values of acid consumption against 
time. 


TABLE III. Extent of grid corrosion 


%, Gravity group Wt loss, g, for 3 positive grids’ 
1.385 13.5 
1.345 21.0 
1.245 | 22.5 


* Original weight of stripped grids from dry-charged 
positives = 58 + 0.5 g/grid. 


to the same extent as the others) would then be due 
to corrosion of antimony. 

The body of these calculated data cannot be con- 
sidered quantitatively exact. For example, no ac- 
count has been taken of conversion of negative grid 
metal to PbSO,. Again, the final chemical state 0! 
corroded antimony is not definitely known; if the 
antimony exists in solution, it may have an effect 
on the measured specific gravities, but if it exists 0 
part as solid antimony sulfate, then adjustments 
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vould have to be made in much of the calculated 
lata. Thus, the value of 8.5 g for lead corrosion at 
the positive grid would be lower and the antimony 
rrosion Would be correspondingly greater. Never- 
theless, the gravity changes are so nearly complete 
and the analyses show such a large amount of active 
material conversion that two definite conclusions can 
ve drawn. First, self-discharge is very rapid in these 
ells until it approaches completion, and its over-all 
~ate increases with acid strength. Second, while 
uantitative separation of self-discharge at both 
plates cannot be obtained, it is still evident that 
rates at the positives must be at least nearly as 
veat as those at the negatives initially, because 
from Fig. 2 the whole self-discharge process ap- 
proaches completion within 10 months. In fact, the 
ray data and chemical analysis show that over 46 
months the self-discharge at the positive was appre- 
iably greater than that at the negative. It is prob- 
bly significant that these grids contained 12 per 
ent antimony, as will be indicated below. 

As a check on the second conclusion, a positive 
plate, shown to be fully charged by x-ray analysis 
fa portion of the active material, was allowed to 
stand in excess acid of 1.200 specific gravity for 5 
nonths. A sample of active material was then ana- 
ved by the ammonium acetate method, and it was 
iound that the PbO, was 62 per cent converted to 
PbSO,. 


DISCUSSION 


Self-discharge at the positive plate at such rates 
ind to the extent shown in this work cannot be ex- 
plained by any of the equations given in the intro- 
luction or by the sum of their effects. The cells 
vere new, dry-charged cells which had been given a 
ng freshening charge as well as a few cycles. It is 
possible that a small amount of unformed PbO may 
ave been present, but the cells gave better than 
rated capacity after a few cycles and it is believed 
that PbO could not have been present in amounts 
ufficient to affect the argument to follow. The re- 
tion (II) does not occur to any measurable extent 
wy itself, because freshly electroformed PbOs:, re- 
noved from a plate, was allowed to stand in 1.300 
wid for 5 months, and showed no PbSO, lines in 
lS X-ray pattern at the end of this time. Reaction 
|) undoubtedly does contribute to the self-discharge 
jrocess, but even if all the grid corrosion took place 
iy this reaction, not more than 24 g of PbO, per 
ell could have been converted as a result. 

It is believed that positive-plate self-discharge is 
«plained primarily by corrosion of antimony in the 
srids. Such corrosion has long been recognized (5), 
ind Zachlin has shown (3) an appreciable increase in 
the rate of self-discharge at positive plates with in- 
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crease in antimony content of the grids. The picture 
then is this: the PbO.-PbSO, couple polarizes the 
grid up to the PbO.-PbSO, potential at which the 
lead in the grid forms a film of PbO (6). This film 
has some protective action, and oxidation of the lead 
then becomes slow by comparison with oxidation of 
the antimony phase. Self-discharge proceeds by 
oxidation of antimony to one or both of its oxidation 
states, with corresponding reduction of PbO». The 
actual mechanism for self-discharge may be that 
proposed in an earlier paper (7), except that in this 
case electrons for the PbO, reduction are supplied 
chiefly by the antimony metal. The antimony ions 
then react with the solution phase. 

Assuming that all the measured grid weight losses 
are accounted for by antimony, and using the data 
for the 1.345 group for example, the weight of PbO, 
reacted can be calculated using the reactions: 


28b + 3PbO, + 6HSO, 
= + 3PbSO, + 6H,O + 380," (IV) 
and 
+ 5PbO, + 10HSO, 
= 2Sbtt++++ + 5PbSO, + 10H2O + (V) 


where the final chemical condition of the oxidized 
antimony® is not known but is immaterial to the 
result. Thus: 


21 x 

28b + 3PbO. — 3PbSO,, x= 62¢ 
2 x 122 3 x 239 

21 x 
2 x 122 5 x 239 


while these results are still short of accounting for 
the measured self-discharge, they are at least begin- 
ning to approach it. 

There is yet one other possibility for reduction of 
PbO.. An experiment was performed in which PbO, 
was taken from a freshly-formed positive plate, 
ground up, and placed in a fritted glass filter under 
1.300 H.SO,. Hydrogen gas from a tank was bubbled 
up through the PbO, layer for one month, and 
thereafter the solid material was examined by x-ray 
diffraction, A strong PbSO, pattern was found to be 
present in addition to the PbO, pattern. Evidently 
hydrogen gas will reduce PbO. under these condi- 
tions. The mechanism for this process is not known. 
It could correspond to direct reduction of PbO. to 
PbO and subsequent reaction of PbO to form PbSO,; 
or it could come about by oxidation of water to O» 
(i.e., the oxygen overvoltage reaction) where the H. 


* The pentavalent state seems likely (8). 
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would be acting as a depolarizer to speed up the 
reaction. Either of these reactions is thermody- 
namically possible, and in the second case a reaction 
corresponding to equation (II) would occur, except 
that the oxygen would be converted to water by the 
depolarizing action. Thus the possibility exists that 
hydrogen produced by self-discharge at the negative 
plate may contribute to the reduction of PbO» in 
the positive. 

In conclusion it may be said that, although the 
data do not permit a quantitative interpretation of 
self-discharge at the positive plate, the available 
information indicates that it is primarily due to 
oxidation of the antimony phase in the grid. 
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Any discussion of this paper will appear in a |) SCussion 
Section, to be published in the July 1953 issue of |. “eat 
NAL. 
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INTRODUCTION 


Throughout the development of the dry cell in- 
lustry it is doubtful that any single problem has 
laimed as much technical attention as the selection 
{ manganese dioxide for depolarizer preparation. 
\s early as 1868, Leclanché himself drew attention 
i the need for proper choice of this important in- 
wedient.2 Although the subsequent advance in dry 
ell technology has established the importance of 
tain depolarizer properties such as high MnO, and 
Ww impurity contents, it has long been recognized 
that chemical analyses alone are insufficient to eval- 
te any particular sample of MnO, for battery use. 
ln recent years physical testing methods (2, 3), e.g., 
ay diffraction and electron microscope examina- 
‘ion, have been studied as possible evaluation meth- 
(ls and their use has considerably extended our 
snowledge of the crystal structure of MnQO,. In spite 
{ these advances, no satisfactory laboratory method 
i evaluating depolarizers has been made available 
ind actual trials in operating cells have been neces- 
ary to establish their battery quality. Such tests 
re both time-consuming and expensive and inte- 
grate so many factors (4) that the intrinsic quality 

i the depolarizer itself may be overshadowed. 

This paper presents two tests: the first, a quick 
‘valuation method, based on the relationship be- 
ween the potential of MnO, and the electrolyte pH, 
weviously described (5), applicable to battery grade 
nanganese ores and to some extent to synthetic 
‘nOy; the second, a “utilization test” offering a 


‘Manuscript received June 28, 1951. This paper prepared 


‘or delivery before the Buffalo Meeting, October 11 to 13, 
N50. 
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.. le meilleur est celui qui est connu dans le com- 
ueree sous le nom de manganése aiguillé: il est cristallisé, 
“yeux, et posséde un éclat graphitoide trés prononcé; s’il 
joint A ces différents caractéres une certaine dureté, il posse - 
‘éra le pouvoir conducteur le plus considerable’’ (1). 


Electrochemical Evaluation of Manganese Dioxide 


for Dry Battery Use’ 


N. C. Canoon 


National Carbon Research Laboratories, Cleveland, Ohio 


ABSTRACT 


The factors governing the electrochemical behavior of manganese dioxide in dry cells 
have never been adequately correlated with the usual physical and chemical properties 
of this material. Two tests are described, (a) determination of the pH-potential rela- 
tion in zine and ammonium chloride electrolyte and (b) determination of the ‘“‘utiliza- 
tion factor,” i.e., the extent of cathodic reduction in a continuous stream of fresh electro- 
lyte. In combination, these give valuable information regarding the general suitability 
of a sample for dry cell use and afford a partial measure of intrinsic depolarizer capacity, 
heretofore not obtainable by other than actual battery tests. 


direct quantitative measurement of depolarizer ca- 
pacity. Both tests are electrochemical and, there- 
fore, better adapted to give results dependent on the 
battery properties of a depolarizer than the indirect 
chemical or physical tests often suggested (6, 7). 


GENERAL DIscussION 
pH-Potential Relationship 


Extension of previous work (5) has shown that 
manganese ores from sources other than the African 
Gold Coast may deviate materially from the straight 
line pH-potential function previously established. 
Fig. 1 shows a comparison of the data obtained from 
Java, Caucasian, and Montana samples with that of 
African ore. The shape and position of the pH- 
potential curve not only furnishes an indication of 
the suitability of the material for dry cell use, but, 
in addition, may suggest the type of service applica- 
tion to which a particular depolarizer sample is best 
adapted. 

Interpretation 


This correlation depends on the fact that the de- 
velopment of pH in the cathode mix of a dry cell 
depends on the type of discharge to which the cell 
is subjected. Under heavy drain conditions, such as 
4-ohm continuous test on a ‘‘D” size (8) cell, nomi- 
nally 144 in. in diameter and 214 in. in length, the 
author has shown (4) that the cathode pH is in the 
8-10 range for a considerable part of the cell life. 
Table I compares the potentials of African, Mon- 
tana, and Java’ ores at pH 9, shown in Fig. 1, with 
the service of “D” size cells made with the same 
ores on the 4-ohm continuous test. 

Here the order of the potentials developed by the 


® We have found that samples of Java and Caucasian ores 
possess similar potential-pH relationship and generally 
provide the same order of cell service: they are therefore 
classified together. 
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three ores from highest to lowest is African, Mon- 
tana, and Java which corresponds exactly to the 
order of the service* obtained from these ores in 
actual cells. 

On very light drain tests, such as those character- 
istic of telephone cells, the cathode pH is maintained 
in the range 5.5-6.0. As shown in Fig. 1, the poten- 
tial-pH curves cross one another in the pH range 
4.5 to 6.0 and until more is known about the factors 
responsible for this change in position it seems haz- 
ardous to place much emphasis on the relative po- 
tential values in this pH range. However, below pH 


PH UNITS 


0.2 04 06 0.8 Re) 
POTENTIAL IN VOLTS 


Fig. 1 
TABLE I 


Depolarizer ore source Africa | Montana | Java 


Minutes service on 4-ohm con-| 
tinuous test on a “D” size) | 
Depolarizer potential at pH9... 0.52 | 0.50 0.46 


4.5 the relative positions of the three curves are well 
established. Table II compares the potentials of 
African, Montana, and Java ores at pH 4, shown in 
Fig. 1, to the 20-ohm light intermittent (telephone) 
service of No. 6 cells. 

It is clear that the order of the potentials ce ‘el- 
oped by the three ores from highest to lowest is 
Montana, Java, and African, which corresponds ex- 
actly to the order of service obtained from these ores. 
in actual cells. Although we recognize that the use 
of potential values in the pH range below 4.5 to 


‘The data presented herewith were obtained during a 
comparison of ores made several years ago and the service 
levels are therefore somewhat lower than those of present- 
day product. 
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indicate performance of cells with a cat), de pH fm ab 
range 5.5-6.0 is not free from objection, it s! ould jp ore, 
noted that this test has been used successful|y jn o,, line 
own laboratories for over ten years without eneoyp. mai 
tering serious discrepancies. ore. 
With the curves of Fig. 1 for reference, the poten. ful 
tial-pH curve of an untried MnO: sample furnishes , [exc 
basis on which the quality of the new materia] may tro 
be judged. Thus, if the potentials of the untried use 
sample are close to or higher than those of the estab). cell 
lished ores at the same pH values, the sample js hig 
worth further testing. Although similarity of eurye 9 sug 
to | 
int 
Depolarizer ore source Montana | Java Africa 
Days service on 20-ohm light in- pot 
termittent test ona No. 6cell. 440 425 370 for 
Depolarizer potential at pH 4... 0.86 0.84 0.83 
the 
pla 
chl 
chl 
pk 
0 
z 
5 ex] 
in 
5 de 
the 
ore 
gr 
20 
in 
02 04 06 08 re 
POTENTIAL IN VOLTS (1 
Fig. 2 of 
(0 
location and shape provides no absolute assurance " 
that service levels equivalent to those of the estab- by 
lished depolarizer will be obtained, close similarity @ 
does suggest that, if no interfering factors are pres- x, 
ent, similar service performance should develop. If, #4 
cx the other hand, the potentials of the untried 9% og 
sample are definitely lower than those of the estab- @ tr 
lisiied ores, the sample should be regarded as of ques in 
tionable value and further testing is unnecessary 
Fig. 2 shows the application of the pH-potential @ 


evaluation method to beneficiated and synthetic 
MnO, samples. Curve E represents an electrolytic 
MnO., curve S a synthetic precipitated type im 
ported from Germany before World War II, curve B 
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a beneficiated® natural ore, and curve A the African 
ore, previously shown in Fig. 1. All show a straight 
line pil potential relationship with a slope approxi- 
mating 0.06 similar to that of the natural African 
ore, and their higher potential leveis through the use- 
ful pH range indicates that these materials may be 
excellent depolarizers. The fact that both the elec- 
trolytic and imported synthetic MnO, have been 
used successfully for many years in commercial dry 
cell production has adequately established them as 
high quality depolarizers. The beneficiated ore, as 
suggested by the position of curve B has been found 
to possess a depolarizer value for many applications 
intermediate between that of the truly synthetic 
samples and the natural ore. 

MeMurdie, Craig, and Vinal (9) obtained pH- 
potential relationships with slopes of 0.12 and 0.06 
for MnO» in the pH ranges 2-6 and 6-12, respec- 
tively. Previously published data (5) suggest that 
the diserepancy in the lower pH range may be ex- 
plained by their use of solutions containing hydro- 
chlorie acid instead of the zinc and ammonium 
chloride electrolytes employed in our own work. 


Method 


The method used for determining the potential- 
pH relationship of a sample of manganese ore closely 
follows that previously described (5). Electrodes con- 
taining the MnO, sample under investigation are 
exposed to a series of eight or ten electrolytes ranging 
in pH from 1 to 12* and the potentials developed are 
determined. The preparation of the electrodes and 
the general test procedure are as follows. 

A mixture of three parts by weight of manganese 
ore and one part by weight of battery grade Acheson 
graphite such as No. 697 is milled to approximately 
200-mesh fineness. A portion of this mixture is spread 
in a layer about g¢ in. (0.16 em) thick on a dry 
rectangular strip of muslin 4 in. (1.27 em) by 34 in. 
(1.90 em). The strip is then wrapped around one end 
of a wax-impregnated carbon electrode 0.161 in. 
(0.41 em) in diameter by 1.88 in. (4.77 cm) long, the 
powdered material next the carbon, and held in place 
by three tightly stretched rubber bands. Three such 
electrodes are mounted on a thin perforated rubber 
stopper by forcing the uncovered ends of the carbon 
electrodes through tightly fitting holes so that the 
carbon rods protrude a short distance to permit elec- 
irieal contact. The assembly of three electrodes is 
inserted into a sample jar containing sufficient elec- 


*The beneficiated ore was prepared by acid leaching 
Mn:O;, prepared from African ore, to form MnO, and a 
manganese salt. The MnO, was washed free of residual 
cid and salt and then dried. Patents by Burgess (10) and 
others cover variations of this process. 

_ ‘Compositions yielding convenient pH values are given 
in the earlier paper (5). 
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trolyte to immerse completely the Mn0O,.-carbon 
layer. An additional hole in the stopper permits the 
insertion of a saturated type calomel reference elec- 
trode side neck or salt bridge. After two to three 
days of contact with the electrolyte, the electrodes 
have reached equilibrium and potential readings are 
then made. Immediately following the potential 
readings the stopper and electrode assembly are re- 
moved for the pH determination on the electrolyte 
sample used. By application of the proper factor for 
the temperature of the electrolytes at the time of the 
measurement the potential values may be expressed 
with reference to the normal hydrogen electrode. 
The test described establishes a basis on which 
MnO, samples may be readily differentiated into 
those worth further examination and those which 
need no further consideration. In spite of the success 
with this rapid test method we early recognized that 
additional measurements, particularly of the depo- 
larizing capacity, would greatly extend the scope 
and value of any laboratory testing program for de- 
polarizers. The results of our efforts to develop a 
means of determining depolarizing capacity culmi- 
nated in the “utilization test”? described below. 


Tue UtimizatTion Test 


To integrate the factors controlling battery qual- 
ity, an electrochemical method for direct determina- 
tion of the depolarizing capacity of a sample of 
MnO: offers obvious advantages. Such a test should 
meet several requirements, among them: 

1. It should involve a measurement of the in- 
trinsic depolarizing capacity of the sample, in which 
extraneous factors such as variation in electrolyte 
composition and pH and the precipitation of by- 
products during the test would be eliminated. 

2. The potential or other readings on the MnO, 
should be independent of any variation in the other 
cell electrode, i.e., they should be made against some 
reference electrode external to the test unit. 

3. Readings should be made in such a manner 
that the JR drop due to current passing through the 
cell is not a factor. 

4. To make the test generally applicable it should 
give reproducible results and require a relatively 
short time-period for completion. 

About 30 years ago, French and MacKenzie (11) 
reported that, if dry battery electrolyte were circu- 
lated through a manganese dioxide cathode, the 
manganese, instead of being converted to the tri- 
valent state as in the dry cell, was reduced to the 
divalent state and appeared in the effluent as man- 
ganous chloride. The reaction at the cathode’ may 


7 This reaction has also been postulated by McMurdie, 
Craig, and Vinal (9) for electrolytes containing hydro- 
chloric acid. 
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be represented thus: 
2e + MnO, + 4H*+ — Mnt* + 2H.0. (I) 


This technique offered a basis for a method which 
would meet the requirements presented above. 

In view of all the attractive features presented by 
a cell with flowing electrolyte, a laboratory test unit 
was designed in which accurately measured amounts 
of MnO, could be discharged cathodically under 
these conditions. A current density of 6.5 amp/ft® 
(0.007 amp/cm*) (which is approximately that at the 
zinc anode in a size “D” cell on 4-ohm test) was 
chosen and arrangements provided to maintain it at 
a constant value throughout the test. The polarized 
open-circuit potential’ of the MnO, electrode, fol- 
lowed as the discharge proceeded, indicated the 
progress of the test. The test was considered com- 
plete when the potential had fallen to the value of 
0.26 volt positive to a saturated calomel reference 
electrode, this cutoff being selected as the mean of 
values found in actual “D” size cells discharged on 
a 4-ohm test, e.g., the Industrial Flashlight Tests 


TABLE III 
Utilization 


Sample factor (%) 


African ore 40 
Electrolytic MnO, 70-76 
Imported chemical MnO, 7 
Beneficiated African MnO, 


(8) at the 0.9 volt cutoff. The service, in minutes, 
obtained to this cutoff potential, expressed as a per- 
centage of that equivalent to all the MnO, present 
in the test sample, was designated the “utilization 
factor.” 


Interpretation 


A group of representative depolarizers tested as 
described gave the results shown in Table III. 

The wide range of values shown in Table IIT sug- 
gests that this test provides a measure of some 
factor characteristic of the individual! material ex- 
amined. This variation is not due to a lack of re- 
producibility for three tests on the same sample of 
depolarizer gave values of 62.0, 63.6, 65.2 per cent 
with an average of 63.6 per cent and an average 
deviation of only 1.1 per cent. During the test, MnO, 
is reduced to MnCh, i.e., Mn'Y — Mn".* This, of 


* Open-circuit potential measurements, made during a 
momentary breaking of the circuit, probably included con- 
siderable polarization and so were not obtained under true 
equilibrium conditions. 

* In a representative test lasting 102 min, the electro- 
reduction of Mn'¥ to Mn!! would have accounted for 0.1883 
g of manganese (as chloride) in the effluent solution. The 
amount of Mn!! determined by actual analysis was 0.1897 g. 
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course, means a valence change of 2, which, s: \c¢ th, 
electrolyte pH was 3.85, would be in aces rdance 
with the 0.12 slope of the pH-potential relationship 
descriped by McMurdie, et al. (9), rather ths), with 
the 0.06 value of Fig. 1 and 2. The factors <ponsi- 
ble for this apparent discrepancy have not bee) 
identified. 

The reduction to the divalent stage represents 
twice the output of electrical energy per unit of 
MnO, obtained when is reduced to Mn,(),. 
H,0 or ZnO- i.e., Mn'¥ — Mn™". However. 
as shown in Fig. 3, the MnO, potential curve o)). 
tained in the course of this test is strikingly simila 
in shape to the normal dry cell discharge curye. 
Curve B was obtained from experiments using a) 
African ore sample which gave about 100 minutes 
service on “utilization test,” equivalent to a utiliza- 
tion factor of 42 per cent. Curve A shows the norma! 
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discharge curve of an African ore “‘D”’ size flashlight 
cell on 4-ohm light Industrial Flashlight Test. 

Obviously the utilization test as shown cannot 
integrate all of the factors operative during dry cel! 
discharge. It does not identify the type of end prod- 
uct or the amount that would form under battery 
discharge conditions. However, the test does meas- 
ure some properties of a depolarizer which are closely 
related to its operation and this brings us one step 
closer to the better understanding of the depolarizer 
reaction mechanism. As in the case of the pH-poten- 
tial test, the utilization test offers an excellent means 
of differentiating depolarizers: those which meet or 
surpass the levels given in Table III are definitely 
worth further examination and evaluation in cells, 
whereas those which fail to do so require no further 
consideration. 

In addition to its value as a testing mechanism, 
the utilization test offers a possible explanation of 
some phases of dry cell depolarization. It seems clear 
that the electrochemical cathodic reaction in the 
dry cell may well be that given earlier in this man- 
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wript «5 equation (I), mainly a reduction of Mn'¥ 
1) Mn''. Secondary chemical reactions presumably 
of the ‘ype 
MnO. + Mnt*+ + 2H:0 

— Mn,0;-H.O + 2H* (II) 


suggest the mechanism for the disposal of Mn"™ pro- 
duced electrochemically to form the well-known end 
product Mn,O;-H.O. This suggestion is in agree- 
ment with the data of MeMurdie, et al. (9), based 
on their equilibrium studies. True equilibrium con- 
ditions may not often occur in an operating dry cell 
cathode due to the important part played by dif- 
fusion of anodically produced zine chloride in influ- 
encing the cathode pH. Under these conditions the 
reaction steps suggested herewith offer at least a 


Fic. 4 


first approximation to the mechanism involved in 
the dry cell cathode operation. 


Method 


The electrolytic cell developed for the utilization 
tests is shown in Fig. 4. A cathode layer of MnOsz, 
acetylene black mix, and its overlying coating of 
coke is mechanically compressed between a_per- 
lorated graphite contact disk and a cellulose dia- 
phragm by means of a weight acting on the top of 
the graphite disk. A ‘“Nichrome” screen supports 
the diaphragm, and arrangements are provided for 
‘oreing electrolyte through the cathode continuously 
during the test. A hard rubber ring, Y, 1% in. (1.27 
‘m) high, 1134 in. (4.60 em) inside diameter and 
21375 in. (7.13 em) outside diameter supports the 
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“Nichrome” screen, X, and insures a fixed distance 
between the cathode and the zine anode, Z. 

The cathode chamber, D, consists of a 254¢ in. 
(5.87 cm) length of plastic tubing, e.g., “Lucite,” 
11346 in. (4.60 em) inside diameter and !4,-!¢ in. 
(0.16-0.32 em) wall thickness. One end of this tube 
is closed with a diaphragm, F, comprised of a ten- 
ply layer of absorbent cellulosic paper, commercially 
available as cleansing tissue, and one external layer 
of thin cotton fabric applied so that it is free from 
wrinkles and is held in place by tightly stretched 
rubber bands, G. A portion of the MnO, sample 
containing 0.7100 gram which has been 
ground in a mortar for three minutes with 0.113 
gram acetylene black, is distributed on the inside of 
the diaphragm in a uniform layer, K, covering the 
whole area, with the exception of a space at the 
center which is occupied by a hard rubber disk, L, 
Vy in. (1.27 em) in diameter and 4¢ in. (0.16 cm) 
thick. A 5-gram quantity of battery grade coke, O, 
is uniformly distributed over the layer of mix and 
the hard rubber disk and is pressed down firmly 
with a flat-ended rod loosely fitting the plastic tube. 
The perforated graphite disk, P, to be placed on top 
of the coke layer, is *¢ in. (0.95 em) thick, fits the 
inside of the plastic tube loosely and, except for a 
14 in. (1.27 em) diameter portion at the center, has 
95 equally spaced 0.045 in. (0.114 em) holes drilled 
completely through it. 

The upper end of the plastic tube is fitted with a 
two-hole rubber stopper carrying a glass tee, Q, 
located at the center and an additional tube, R, 
provided with a stopcock and an outlet tube bent as 
shown in Fig. 4. Through the center of the glass tee 
is placed a 54¢ in. (0.79 em) diameter carbon rod, 8, 
which provides contact with the perforated graphite 
disk in the cell at the lower end and transmits the 
mechanical pressure provided by the 3 kg weight, T. 
The side neck, V, of the tee, Q, furnishes a connec- 
tion for the electrolyte supply which can be ar- 


’ ranged in any convenient manner. The tube, R, 


containing the stopcock, is provided to permit a 
liquid path from the back of the cathode to the 
saturated calomel-type half cell and may be fitted 
with a paper plug at RR as shown. 

To perform a test, the apparatus is assembled, the 
cell chamber, calomel cell connecting tube and crys- 
tallizing dish, W, are filled with electrolyte and the 
rubber tubing at the top of the glass tee tightly 
clamped around the carbon pressure rod with a 
twisted wire, SS, to prevent electrolyte leakage at 
this point. The electrolyte supply is then adjusted 
to maintain a continuous flow of 2.0 + 0.2 ml per 
minute. The electrolyte used in the work described 
contains 33 per cent ZnCl, 20 per cent NH,Cl, and 
47 per cent water and possesses a pH of 3.85. The 
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cell is discharged on a constant current of 0.108 amp, 
connections to the external circuit being made at the 
exposed parts of the zinc anode, Z, and rod, 8. Pe- 
riodic measurements of the open-circuit potential of 
the cathode, the electrical connections being taken 
from rod § and a calomel cell through a salt bridge 
contacting RR, are made with a potentiometer and 
a galvanometer such as a Leeds and Northrup 2500- 
B reflecting type with appropriate lamp and scale. 
The measurement of the polarized open-circuit po- 
tential of the cathode is made as rapidly as possible 
while a switch in the discharging circuit is opened 
momentarily. The test is considered complete when 
this polarized open-circuit potential value falls to 
0.26 volt positive to the saturated type calomel cell. 
The 0.7100 gram quantity of MnO, has a theoretical 
service capacity of 244 minutes at 0.108 amp. The 
utilization factor can be readily calculated by ex- 
pressing the amount of service to the cutoff as a per- 
centage of this value. 


CONCLUSIONS 


Two methods suitable for the laboratory exami- 
nation of dry cell depolarizers are described in the 
present paper. The first is a rapid evaluation based 
on the relationship between MnO, potential and 
electrolyte pH described in a previous publication 
(5). The second is based on a direct electrochemical 
measurement of depolarizer capacity under cell dis- 
charge conditions. Although neither of these tests 
alone is definitive, their combination affords a good 
insight into the probable behavior of a sample of 


MnO; under battery conditions. Any materia!. tha 
prove substandard on these two tests can be olin. 
nated from further consideration and only those 
that meet the test requirements need be sul jected 
to final battery evaluation. 
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ted for a Glass-to-Metal Seal Arrangement 
R. T. 
M TAP Laboratory, General Electric Company, Pittsfield, Massachusetts 
Mr, 
‘ork, 
R. D. Atvorp anp J. K. Eastey 
88i0n High Voltage Bushing Engineering, General Electric Company, Pittsfield, Massachusetts 
ABSTRACT 
A method of silver plating a 58 per cent iron-42 per cent nickel alloy to produce an “13 
electrodeposit capable of withstanding an anneal at 850°C is given. The surface prepara- i 
a “— tion of the alloy, the proper salt concentration of the “‘strike’”’ bath, and the plating 
868). step are described. No nickel or copper undercoating is used to achieve an adherent 
coating The diffusion of oxygen through this silver plate is hindered by a thin coating of ae 
» 313 indium which also sponsors the glass-to-metal seal. et 
INTRODUCTION EXPERIMENTAL 
=. This investigation is concerned with electroplating Materials and Equipment 
= a 58 per cent iron-42 per cent nickel alloy with silver The alloy? used in this investigation had a com- 
so that the material will have certain high tempera- position of 58 per cent iron and 42 per cent nickel 
and ture properties and be compatible in a glass-to-metal with a maximum carbon content of 0.15 per cent. a 
. seal arrangement. Its thermal expansion curve matches quite closely Me 
* The manufacture of cast glass bushings for elec- the expansion curve of a lead-free borosilicate glass 
= trical apparatus has been outlined by Easley (1). A used in the manufacture of cast glass bushings. As a 
lead-free borosilicate glass in the molten state is preliminary step this alloy is annealed at 1125°C in 
poured into a mold holding an iron-nickel alloy an hydrogen atmosphere (dew point approximately 
york. 


flange. After cooling slightly, the cast structure is 
moved to a furnace at about 550°C, annealed for 
several hours, and finally removed from the furnace 
at about 100°C. Although it is acknowledged that 
iron-nickel alloys possess considerable resistance to 
high temperature oxidation, scaling does occur dur- 
ing this process. The oxide scale must be removed 
before the flange may be soldered during the assem- 
bly of the apparatus. Thus it is of engineering im- 
portance to protect this alloy from oxidation during 
the processing. One means of accomplishing this is 
to electrodeposit silver over the iron-nickel alloy. 

The major problems which were posed had to do 
with the proper surface treatment of the iron-nickel 
alloy to attain an adherent plate, the reluctance of 
silver to be wet by molten glass, and the high rate 
of diffusion of oxygen through silver plate. While 
considerable effort has been expended in the develop- 
ment of methods of silver plating ordinary steel, it 
was questionable at the start how much of this 
knowledge would be applicable to the electrodeposi- 
tion of silver on this iron-nickel alloy. 


‘Manuscript received December 19, 1951. This paper 
prepared for delivery before the Detroit Meeting, October 
9 to 12, 1951. 


The Electrodeposition of Silver on an [ron-Nickel Alloy 


—50°F), a treatment which is effective in degassing 
and decarburizing the metal (methane reaction) so 
that no bubbling takes place when the glass is cast. 

The first experiments in developing the plating 
method were carried out with solutions of one liter 
volume. Larger baths, 17 liters in volume, and finally 
factory size baths up to 750 liters, were employed 
as the development progressed. 


The Plating Process 


The entire treatment of the iron-nickel alloy may 
be broken down into several separate steps. From 
the study of the literature and as the development 
went forward it was evident that simply silver plat- 
ing was not sufficient to produce an electroplate of 
the properties required for this particular engineer- 
ing application. In order to develop a surface which 
would participate in the glass-to-metal seal and be 
resistant to the diffusion of oxygen, it was necessary 
to cover the silver plate with a thin coating of 
indium. Thus the entire process included the fol- 
lowing steps: surface preparation of the alloy; silver 
“striking”; silver plating; and indium plating. The 


? Furnished by the Carpenter Steel Company, Reading, 
Pa. 
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detailed discussion of such conventional operations 
as degreasing and rinsing is purposely omitted. Be- 
fore the initial pickling, the samples were vapor- 
degreased in trichlorethylene and between the suc- 
cessive operations, with the exception of the 
“striking” step and the “plating” step, the parts 
were rinsed in warm water. 


Surface Preparation of the Alloy 


The proper method of cleaning the iron-nickel 
alloy is dictated in part by its previous treatment. 
In the authors’ process, part of this treatment in- 
cluded the hydrogen firing at 1125°C, and although 
the parts came to the plating step relatively free of 
organic matter, they were coated with an oxide layer 
which was difficult to remove by conventional 
methods. 

This oxide layer is very obvious if, following the 
hydrogen firing at 1125°C, the parts are not cooled 
almost to room temperature. Even when the parts 
are allowed to cool to room temperature in an hydro- 
gen atmosphere and are then allowed to stand 
exposed to normal atmospheres, an oxide layer suffi- 
ciently thick to interfere with electroplating de- 
velops. Electron diffraction examination (2) of the 
first-formed oxide film on the surface yielded only 
the pattern for nickel oxide. Thicker films gave more 
complex patterns, including the lines for FeO, and 
possibly mixed crystals of the oxides of nickel and 
iron. Many conventional methods of cleaning were 
examined before two were chosen as suitable to give 
a surface satisfactory to electroplate. Surface prepa- 
ration by an anodic acid pickle was not examined 
exhaustively although it was noted that anodic 
cleaning of ordinary steel in HCl or H.SO, followed 
by striking with Ni, Cu, or Ag was detrimental to 
the bond between the steel and the electroplate (3). 

The first method involves pickling the alloy in an 
acid mixture at elevated temperature. The acid mix- 
ture is composed of 1 part by volume of concen- 
trated HCl (37%), 1 part of concentrated H.SO, 
(96%), 1 part of concentrated HNO; (70%), and 9 
parts of H.O. The time required to achieve a visually 
clean surface varies with the temperature of the 
bath, being of the order of 5 minutes at 60°-65°C 
and 30 seconds at 90°-95°C. The higher temperature 
is recommended because the loss in metal is of the 
order of 1-2 per cent as compared with 10 per cent 
at the lower temperature and longer time. (This per- 
centage applies only to the parts here under con- 
sideration.) After this pickling operation a black 
residue remains on the surface. This is removed by 
dipping in a solution composed of 2 parts of concen- 
trated H.SO, and 1 part of HNO, for 15-20 seconds. 
After rinsing, the part is transferred to a solution of 
KCN (50 g/l!) to neutralize any residual acid. 

A second method involves the cathodic treatment 
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of the alloy at room temperature in the abo. e pick. 
ling solution or in a 10 per cent solution of H.sp 
A cathode current density of about 2.6 amp dm; 
used for 15 minutes. During the early experimey, 
stainless steel (18/8 Cr/Ni) anodes were em ployed 
Their undesirable and costly dissolution, as wel} 
the resultant contamination of the bath, led to thei 
replacement with carbon anodes. It was felt that , 
common deterrent in the use of carbon anodes 
namely, separation and electrophoretic migration 
carbon particles, would not interfere because of tly 
bright-dipping step which followed the acid pickling 
This was borne out experimentally. 

In a continuous factory operation the use of tl; 
mixture of acids at elevated temperature would ce:. 
tainly pose problems of equipment maintenance 
Thus the second method is used in preference to t} 
first. 

It has been suggested that the highly etched sy. 
face would lend itself to the development of a more 
adherent plate by virtue of a “mechanical keying’ 
effect (4). This theory was appraised experimentally 
and the conclusion was reached that the roughnes 
of the steel contributed only in a minor way to the 
adherence of plate (5). 

The Silver “Striking” Step 

It is generally accepted that steel may not be 
plated without a “strike” and preliminary exper. 
ments using techniques suggested in the literature 
to plate directly on steel were not successful i 
achieving a plate which would not blister when the 
part was annealed in H, at 850°C. 

The composition of a “‘strike’’ bath which is be- 
lieved to be of the proper composition contains |. 
g/1 of silver cyanide and 80 g/1 of potassium cyanide 
A series of experiments established that the silver 
cyanide content must not exceed 3.75 g/I if an ad- 
herent plate (after annealing) is to be obtained 
Stainless steel (18/8) anodes are used in this bath 

A necessary requirement is that the alloy part l 
carried from the neutralizing step to the “striking 
bath without drying and immersed in the strik 
bath with the current on. A part is treated cathodi- 
cally with a current density of 1.7 amp/dm? until | 
is covered completely with a shiny plate of silver 
This current density may be varied between 1.) 
2.6 amp/dm? without adversely affecting the quality 
of the plate. The “strike” usually requires 30 seconds 
to one minute. In some cases the part is allowed to 
plate in the “strike” bath for several minutes alte! 
the first coating is applied to render less likely &- 
posing the alloy during transfer to the plating bath. 


The Silver Plating Step 


With the exception of the speed at which the 
plate is applied to the iron-nickel alloy, the plating 
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procedure is quite conventional. The solution com- 
nosition is: silver cyanide, 30 g/l; potassium cyanide, 
2 g 1; potassium carbonate, 45 g/I. 

The current density is 0.4 amp/dm? at room tem- 
yerature. Silver anodes (99.9% silver) are employed. 
it was established that at least at the start of the 
plating process a low current density is desirable. 
uring early experiments a current density of 0.2 
amp/dm*, which was increased to 0.85 amp/dm’ 
after 15 minutes (total plating time 45 minutes), 
was employed. This was later changed to the single 
rate of 0.4 amp/dm? to allow parts to be placed in 
and withdrawn from the single bath with only cur- 
rent change to account for the area being plated. 
Thicknesses of silver up to 0.063 mm were plated 
by this method and found to be adherent by the 
850°C He annealing test. The bath concentration is 
maintained by the usual periodic analyses. 

After silver plating, the parts are tested by firing 
in hydrogen for 15 minutes at 850°C. 


Test for Adherence 


The required degree of adherence between an elec- 
trodeposited coating and its basis metal is often 
decided by the particular engineering application 
involved. This was true in the development under- 
taken by the authors where the conditions imposed 
on the electroplated alloy by future manufacturing 
operations dictated what adherence was necessary. 
‘ome mechanical strength and the ability to with- 
stand a thermal shock without blistering was re- 
quired. During the manufacturing process molten 
glass at 900°-1000°C is poured over the metal part 
ina mold at about 500°C, 

It was found that a fair test for adherence was 
simply to place the plated alloy directly in an hydro- 
gen atmosphere at 850°C and hold it at this tem- 
perature for 15 minutes. Parts that passed this test, 
.e., did not blister, went satisfactorily through the 
manufacturing process which included the casting 
operation and the air anneal. It should be pointed 
out that this hydrogen anneal is not necessary to 
get “adherent” plates. Iron-nickel parts may be 
plated, cast into bushings, and annealed without 
blistering. Moreover, there was no indication that 
poor plates could be repaired by hydrogen firing. 
In order to study the adherence developed by a par- 
ticular plating process many cross sections were 
examined microscopically. No tendency for silver to 
alloy with the basis metal was observed in these 
sections (Fig. 4). 

While this annealing is not necessary to get good 
adhesion, there is evidence in the literature from a 
study of a similar treatment of electrodeposited 
silver on ordinary steel (6) that an extended hydro- 
gen anneal at elevated temperature does improve 
the adherence. 
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It was observed that it is relatively easy to get 
silver plates which are not blistered after plating or 
after ordinary handling. The thermal shock, how- 
ever, is a critical test for adherence. 


The Indium Plating Step 


The silver-plated parts are dipped into a solution 
of potassium cyanide (50 g/l) before being plated 
with a thin layer of indium. A current density of 1.7 
amp/dm? is employed with the conventional cyanide 
bath (7). Steel anodes are used and the bath is main- 
tained at room temperature. Usually a coating in 
the thickness range of 0.0002-0.0005 mm is applied. 
Although it is standard practice to diffuse the indium 
plate to develop the indium-silver alloy it was found 
that for this application a separate diffusion step is 
not necessary. During normal manufacturing opera- 
tion the part is at elevated temperature and un- 
doubtedly considerable diffusion takes place. The 
adherence and the achievement of a good glass-to- 
metal seal is not sensitive to the thickness of the 
plate—if the thickness is maintained in the order of 
these thin or “flash’’ coatings. 


DiIscuSSION—PROPERTIES OF THE PLATE 


The thin coating of indium over the silver electro- 
plate influences directly the glass-to-metal seal and 
indirectly the silver-to-alloy bond. 

With the particular glass-casting operation em- 
ployed, no glass-to-metal seal of any strength de- 
velops when glass is cast directly over silver. When 
a ‘flash’? coating of indium covers the silver, an 
hermetically tight seal which is stronger than the 
glass develops. It is postulated that the mechanism 
involves the wetting of the indium surface by the 
molten glass, for at the instant of casting there must 
exist a liquid-liquid system. Fig. 1 presents the cross 
section of a nickel-oxide seal, used extensively in 
glass-to-metal seal praciice. Nickel oxide probably 
functions by virtue of its solubility in glass and there 
appears to be some penetration of glass into the 
oxide phase and vice versa. Fig. 2 shows a seal in 
which the promoting component is indium. There is 
no evidence of an ozidized zone between silver and 
the glass and the discontinuity of the two phases is 
apparent. This photomicrograph, however, does not 
eliminate the possible existence of an extremely thin 
indium oxide layer. 

The type of bond developed between the silver 
and the alloy by this plating procedure is illustrated 
in Fig. 3. The alloy was pickled in hot acid before 
plating, but, with the exception of a smoother steel 
surface, a cross section of a cathodically cleaned 
sample is not much different. When hydrogen-an- 
nealed for 3 hours at 850°C there is recrystallization 
of the silver but no apparent change in the silver-to- 
alloy bond (Fig. 4). The destructive effect of an air 


Fi. 1. Cross section of a glass-to-metal seal of the nickel 


oxide type, showing the nature of the interface between 
the glass and the iron-nickel alloy. A—glass; B—oxidized 


interface; C—iron-nickel alloy. Magnification: 
etchant: 50 g FeCl, in 1 1 methyl alcohol. 


Fie. 2. Cross section of a glass-to-metal seal of the in- 
dium type, showing the glass-silver interface. A—glass; 


B—silver; C—iron-nickel alloy. Magnification: 1000X; 
etchant: same as Fig. 1. 


Fia. 3. Silver-plated iron-nickel alloy, as plated, showing 
silver-alloy interface. A—copper plate (backing); B—silver 
plate; C—iron-nickel alloy. Magnification: 1000X ; etchant: 
77 ml of concentrated (28%) ammonia solution + 23 ml of 
hydrogen peroxide (30%) solution for the silver; same as 
Fig. 1 for the alloy. 


; 
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Fia. 4. Silver-plated iron-nickel alloy, annealed in hy- 
drogen atmosphere at 850°C for 3 hr, showing silver-alloy 
interface. A—copper plate (backing); B—silver plate; C— 


iron-nickel alloy. Magnification: 1000X; etchant: same as 
Fig. 3. 


Fic. 5. Silver-plated iron-nickel alloy, annealed in air 
at 600°C for 4 hr, showing oxidation at silver-alloy inter- 
face. A—copper plate (backing); B—silver plate; C—iron- 
nickel alloy. Magnification: 1000X ; etchant: same as Fig. 3. 


tiny ~¥ 


Fic. 6. Silver-plated iron-nickel alloy, indium “flashed” 
and annealed in air at 600°C for 4 hr, showing that the 
interface is relatively free of oxidation. A—silver plate; 
B—iron-nickel alloy. Magnification: 1000X ; etchant: same 
as Fig. 3. 
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anneal + hr at 600°C) with the formatidh of the 
oxide -cale at the silver-alloy interface is seen in 
Fig. 5. This effect has been observed before (8). A 
sample of alloy plated similarly to the last but also 
given « thin layer of indium was annealed for 4 
hours ut 600°C. This interface is shown in Fig. 6. 

It seems reasonable that at the elevated tem- 
perature indium (melting point 155°C) diffuses rap- 
idly into the silver. {t has been shown that when 
oxygen diffuses through a silver alloy it reacts pref- 
erentially with that element with which it has the 
greatest affinity (here indium) to form an internal 
oxidation zone (9). In silver alloys of high alloy 
concentration this zone may act as a barrier to fur- 
ther oxygen diffusion. Weight increase-time meas- 
urement coupled with microscopic examinations of 
the interfaces substantiate this proposed mechanism. 
Data from an air anneal at 700°C given below are 
representative of severe oxidation, but do give the 
relative order of magnitude of the two types of 
reaction. 


Weight increase 
(mg/cm*) 


| After 1 hr 4hr 


1. Silver plated (0.0076 mm) 
2. Silver plated (0.0076 mm) with in- | 
dium flash coating (0.0005 mm)... .| 
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Examination of the samples reveals that in case 1 
the oxidation took place entirely at the (silver)- 
(iron-nickel alloy) interface; in case 2, for the most 
part, at the surface. There is some evidence of oxy- 
gen penetration to the (silver)-(iron-nickel alloy) 
interface at the longer oxidation times and at raised 
temperature even with samples treated with an 
indium “flash” coating. 
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Electrolytic Determination of Tin and Tin-Iron Alloy Coating 
Weights on Tin Plate' 


C. T. Kunze anp A. R. WILLEY 


Exploratory Research Section, Research Division, American Can Company, Maywood, Illinois 


ABSTRACT 


Tin can be anodically r - ved from steel in a 1N hydrochloric acid solution with full 
current efficiency. In contrast with electrolytic behavior in alkaline media, the action 
does not stop at the tin-iron ailoy surface but this intermetallic compound is stripped as 
well. The voltage changes, which develop between a reference electrode and the tin plate 
specimen (anode), are transmitted to a recording potentiometer which plots a time- 
potential curve with two end points from which the free and alloyed tin are determined. 
Apparatus with a specially designed d-c power source is described . 


INTRODUCTION 


The amount of tin, applied as a protective coating 
on steel, influences the cost of tin plate as a raw 
material for the container industry, the can manu- 
facturing operations, and the shelf life of the can. 
In addition, world conditions at the present time 
necessitate conservation of this strategic metal. For 
these reasons, the estimation and control of tin coat- 
ing weights is of considerable importance. 

Several methods are now available for determin- 
ing tin coating weights. Among these are the Sellars 
(1) and Bendix, (2) which are chemical methods 
| most often used in industrial laboratories. The an- 
| timony trichloride-hydrochloric acid procedure (3) 
is considered by some as the standard or reference 
method. Francis (4), Hothersall, and Bradshaw (5) 
have reported electrolytic procedures using sodium 
hydroxide as electrolyte and recently Beeghly (6) 
has described an x-ray absorption method. 

All of the above methods, except those employing 
electrolysis, measure the total amount of tin includ- 
ing that which has alloyed with the steel, and as yet 
no entirely satisfactory procedure for the deter- 
mination of this alloyed constituent has been de- 
scribed in the literature. 

Hot-dipped and also flow-brightened electrode- 
posited coatings on commercial tin plate have a cer- 
tain amount of tin alloyed with iron. The thickness 
of this alloy layer is of considerable importance since 
it influences container manufacturing operations and 
also the performance of the can from packer to con- 
sumer. It has been demonstrated that the internal 
corrosion resistance of the container is in part a di- 
rect function of the free tin on the surface of the 
steel and that the alloy affords very little electro- 
chemical protection. 


‘Manuscript received November 12, 1951. This paper 
prepared for delivery before the Detroit Meeting, October 
9 to 12, 1951. 


The extent of alloying during hot tinning is ysy- 
ally in the range of 0.15-0.20 Ib tin/BB.? Adequate 
free tin is generally present in hot-dipped coating; 
to allow for normal usage, and the amount of tiy 
converted to alloy has never been considered a prob. 
lem. In the manufacture of thin electrodeposited 
coatings the various flow-brightening practices can 
produce alloys ranging from 0.03-0.18 lb tin BB. 
The latter figure in the case of No. 25* coatings repre- 
sents approximately 70 per cent of the total tin 
with only 0.07 lb/BB of free tin remaining. Suffi- 
cient evidence is available to indicate that proper 
control of the flow-brightening operation can result 
in the maintenance of alloyed tin within the range 
0.03-0.06 lb/BB. The development of a convenient 
and accurate analytical procedure for the estima- 
tion of free and combined tin was a necessary step 
toward this end. 

In addition to the iron-tin compound formed during 
tin plate manufacture, subsequent organic coat- 
ing baking operations on the part of the can manu 
facturer may substantially increase the alloy thick- 
ness even though the temperatures employed are 
below the melting point of tin. Typical alloy growth 
curves in this temperature range are shown in Fig. |. 

Most of the reactions used to strip the free ti 
prior to alloy determination either give incomplete 
stripping, attack the alloy, or a portion of the 
alloy is lost when the reaction residues are wiped 
off. Sodium plumbite, sodium hydroxide-hydrogen 
peroxide, and sodium iodate solutions, all recom- 
mended at various times, attack the alloy. The use 
of silver nitrate to remove the free tin results in 4 


* Base Box as defined by the AISI Steel Products Manual, 
Tin Mill Products, Section 14, is the estimative unit of area, 
112 sheets of tin plate 14 in. X 20 in. or 31,360 in.* (217.78 
ft?). 

-? No. 25 AISI designation for electrolytic tin plate with 
a nominal tin coating of 0.25 lb/BB. No. 50 has a nominal 
coating of 0.50 lb/BB. 
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spongy silver matte remaining on the plate, and 
as mul: as 50 per cent of the alloy is wiped off 


when ‘he silver is removed. Of the methods de- 
scribed in the literature only the electrolytic pro- 
cedures (4, 5) give satisfactory end points with no 
appreciable effect on the alloy. However, under the 
conditions stated, difficulty is encountered in deal- 
ing with samples as large as 4 in.’ (the standard disk 
for tin coating determinations) since detinning is 
incomplete unless the current is reversed several 
times and often the last traces of free tin can be 
removed only by immersion in hot (90°C) 10 per 
cent caustic solution. 


0.16 
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0.12 400 °F 
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Fic. 1, Effeet of enamel baking schedules on growth of 
iro n-tin alloy. 


After the free tin is properly removed, the al- 
loyed tin may be analyzed by one of the following 
procedures: 

1. Dissolve the sample completely and determine 
the tin content of the solution by any of the avail- 
able methods: however, a correction must be made 
for the tin in the steel. The Sellars’ procedure is 
probably the most convenient and may be success- 
fully used providing the strength of the iodate solu- 
tion is decreased to give a reasonable titre with the 
small percentage of tin present. Occasionally steels 
are encountered in which the minor alloying ele- 
ments, particularly copper, interfere with the titra- 
tion end point. 

2. The alloy is stripped and the tin determined 
by the Bendix method. 

3. Total alloy, both tin and iron, can be quanti- 
tatively removed without attacking the underlying 
stee! by immersing the sample in a solution of 5-10 
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per cent sodium hydroxide at 90°C, kept bubbling 
by dropwise additions of 30 per cent hydrogen per- 
oxide. Alloy thickness is measured by loss in weight. 

All of the methods described heretofore, if used 
for the determination of both free tin and alloy, are 
laborious and time consuming. The new method 
described in this paper is simple and quite rapid, 
and the free tin and alloy are ascertained in one 
operation. 


ELEcTROLYTIC DETERMINATION OF FREE AND 
ALLOYED TIN 


The anodic dissolution of tin coatings on steel 
proceeds with full current efficiency in 1N HCl, 
enabling the coating weight of a defined area to be 
calculated from Faraday’s Law. In contrast with the 
anodic stripping of tin in an alkaline electrolyte 
(4, 5), the action does not stop at the tin-iron alloy 
surface but removes this constituent as well. If 
the voltage which develops between the specimen 
(anode detinning at a constant current) and a refer- 
ence electrode is measured on a recording potenti- 
ometer, a time-potential curve is obtained with two 
readily distinguishable end points from which the 
free and alloyed tin can be determined. 

In seeking the proper electrolyte, which would 
satisfactorily remove the alloy, approximately 100 
substances were investigated including practically 
all of the common salts of sodium, potassium, am- 
monium, and calcium, some organic and inorganic 
acids, and acid-salt mixtures. Only the halogen acids 
showed any promise and a 1:10 dilution of com- 
mercial reagent grade HCl was finally selected. The 
concentration, here about 1N, is not critical. 

Tests can be run at room temperature and the 
electrolyte may be used repeatedly until excessive 
plating of tin on the cathode decreases the distance 
between the cathode and the anode. Approximately 
150 samples representing 1200 in.? of surface of No. 
50 electrolytic plate can be analyzed before the 
solution has to be replaced. 


Description of Apparatus 


The complete stripping circuit is shown in Fig. 2. 
A Leeds and Northrup Speedomax Type G recorder, 
voltage range 0-5 mv with a chart speed of 2 in./ 
min, was used_to measure the potential changes. 
The 7.5 v battery provides the constant booster 
potential required in series with that of the cell to 
assure a total potential which is positive to the re- 
corder at all times. Resistances, R3 and R4, are 
employed as a voltage divider to adjust sensitivity 
to the scale dimensions desired. The reference elec- 
trode may be a saturated calomel half cell but a 
silver rod performs equally well and no salt bridge 
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problems are encountered. Its position in the cell is 
not critical. | 

The source of cell current is an electronically regu- 
lated d-c power supply designed to deliver a maxi- 
mum current of 0.5 amp (Fig. 3). The output is 


Reguloted 200 V OC, 


+ - 


Ri 1000 ohm 10Owott variable 
25 


R3 20,00" fixed 
7 R4 1,000 voriable 
RS 6800" 2 “ fixed 
R6 10 variable 
Re 


Silver Reference 


Electrode 


4 


O- 500 milliommeter 


Stripping Cell 


Lan 


Spee domax 
Recorder 


Fic. 2. Basic stripping circuit for electrolytic determina- 
tions of tin and tin-iron alloy coating weights on tin plate. 


MEGULATED D.C VOLTAGE SUPPLY, 500 MILLIAMPERES 


Filter Choke, 20Hy SOO me 
Ci, C2,C3 Electrotytic, S00 D.C. 
C4 OC 
Tit Power Trensf 525-0-525 ot 450me 
SV-3A, 63 V-2A,63V-SA 
Ri 20,000 Ohms, 10 Wert 


15,900 

a3 470,000 

a4 635,000 

RS 100,000 Vorioble 
180,000 | Wert 


Fic. 3 


200 v, which is subsequently suitably metered and 
regulated by the other components. This feature as- 
sures constant current during electrolysis since small 
potential changes across the cell are negligible com- 
pared to the output voltage. Satisfactory results 
have been obtained with a 45 v d-c source as sup- 
plied by twelve 45 v dry cells connected in parallel; 
however, these batteries polarize readily under high 
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current drain and a constant stripping curren: egy. 
not be maintained. This current source could |\« em. 
ployed where electrolysis requires only low current 
densities. 

The cell is a rectangular box, with inside dimen. 
sions of 4 x 4 x 6 in., constructed of acid-resistan; 
bakelite. A stuffing box type of plug is provided at 
one end for insertion of the cathode, which is g 
4 in. carbon rod located centrally and at right 
angles to the plane of the anode. Cathode distance, 
approximately 34 in., is adjusted to provide a cur- 
rent density distribution such that the rate of dis. 
solution is equal at the edge and center, but greater 
than in annular area between. Location of the cathode 
at excessive distances from the anode results in 
concentration of current at the edge, and alloy dis. 
solves from the peripheral area prior to complete 
free tin removal at the center. The reverse effect is 
obtained with the cathode too near the anode, the 


Fic. 4. Specimen holder 


alloy dissolving prematurely from the center. The 
current density distribution is improved by covering 
the carbon rod with a snug gum rubber tube tc 
within }¢ in. of the tip. 

The possibility of designing a more satisfactory 
cathode is recognized, and various configurations 
such as cones, disks, and rings have been investi- 
gated. None of these arrangements is superior to the 
carbon rod described. 

The anode is a 4 in.” tin plate disk held in place 
by a specially designed vacuum holder which masks 
the back side from electrolytic action. The specimen 
holder shown in Fig. 4 is constructed from a No. 13 
rubber stopper which contains two holes originating 
at the face and side respectively and meeting in the 
center of the stopper. A 9-in. length of 3¢-in. copper 
tube is inserted into the side opening. It provides 
both a current path and a means of applying the 
vacuum. The wide face of the stopper is channeled 
with four slots, 4% in. deep and 34 in. in length, 
extending radially from the center opening. A rub- 
ber gasket, 14g in. thick with a 2 in. ID, is cemented 
to the outer edge, and in order to prevent the sample 
from buckling when vacuum is applied, a ring of the 
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same \hickness, 1 in. in diameter with a in. open- 
ing, is uttached to the center of the stopper. A beryl- 
jium-copper spring, soldered to the copper tube, ex- 
tends from the center of the stopper to conduct 
current to the specimen. That portion of the copper 
tube, which is immersed in the electrolyte, is coated 


; 


Fic. 5. Time-potential curve on hot-dipped plate, illus- 
trating typical half-cell potential changes which occur 
during electrolytic removal of the tin coating. 


with paraffin. Similar holders can be designed for 
smaller or larger circular specimens. 


Current Density Requirements 


Anode efficiency remains constant over the range 
of current densities investigated, namely 100-500 
ma/4 in.? However, a few isolated instances have 
been encountered where the alloy is not attacked 
with 100 ma/4 in.2 but can be removed with the 
application of higher current densities. The most 
practical value appears to be 250 ma/4 in.’ since it 
produces a well proportioned time-potential curve 
and permits estimation of the removal time with an 
error not exceeding 1 per cent for thin electrode- 
posits. For heavier coatings this percentage error is 
correspondingly lower. Where very rapid analysis is 
desired higher current densities may be employed 
but extreme care must be exercised in positioning 
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the cathode to prevent premature alloy dissolution. 
Smaller size samples can be analyzed with propor- 
tionately smaller currents. 


Instrument Calibration 


The precision of the electrolytic tester described 
depends to a considerable degree on the reliability 
of the component parts, particularly the milliamme- 
ter, and it is essential that the instrument be cali- 
brated. This is best accomplished by determining 
the weight loss of pure tin specimens electrolyzed 
for a given time interval and expressing the results 


TEE 


+ 


pense 


Fic. 6. Time-potential curve on nominal No. 50 electro- 
lytic tin plate. 


as milligrams or pounds of tin per base box per 
second. The meter used for the data reported gave 
a factor of 0.00535 lb/BB/sec with a setting of 
250 ma when electrolyzing 4 in.? samples. 


Operation of the Instrument 


Prior to anodic stripping, the tin plate sample is 
cathodically treated in a 0.5 per cent sodium car- 
bonate solution for 10 sec with a current density of 
0.5 amp/in.? This procedure reduces the tin oxide, 
present on the surface, to metallic tin and greatly 
improves the definition of the end points. The sam- 
ple is blotted to remove excess moisture and affixed 
to the specimen holder by applying a vacuum (ap- 
proximately 25 in. Hg gauge). After insertion in the 
cell, the stripping circuit is closed and the recorder 
automatically plots the time-potential curve. Pho- 
tographs of actual curves shown in Fig. 5 and 6 
typify the results obtained on common coke‘ hot 
dipped and No. 50 electrolytic tin plate respectively. 
The photomicrograph in Fig. 5 illustrates the rela- 
tive thickness of the constituents which comprise 
the tin coating. 


‘Common cokes—AISI terminology for that grade of 
hot-dipped plate which, over an extended period, will 
consume 1.25 lb tin/BB from the tin pot and will carry an 
average coating weight of 1.10 lb tin/BB. 
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The time for removal of the free tin, obtained 
from the curve, is converted to the conventional 
coating weight designation by the following calcu- 
lation: 


time X 0.00535 = lb tin/BB. 


Since the tin-iron alloy composition is FeSn: and 
these elements enter the solution stoichiometrically 
with a two electron loss for each atom of tin and 
iron, only two thirds of the current is utilized for 
the dissolution of tin. Consequently the total alloy 
time must be corrected to compensate for the elec- 
trolysis of the iron. The theoretical factor is 0.67; 
however, on the basis of extensive investigation, 
comparing the actual tin content of the alloy to the 
removal time, the authors believe that 0.65 is a 
more representative figure. The alloyed tin is thus 
obtained from the formula: 


time X 0.65 X 0.00535 = lb/BB. 


Summation of the free and alloyed tin gives the 
total amount of tin in the coating. These calculations 


TABLE I. Free tin determinations by acid electrolysis and 
Sellars’ wet chemistry procedure, lb/BB* 


HCl 


electrolysis Sellars 


Common coke...... : 
No. 5O Electrolytic... . 0.42 0.42 
No. 25 Electrolytic. . 


* Average of three specimens 


can be simplified by designing a sliding scale or 
constructing a table or graph of time vs. coating 
weight. 


COMPARISON OF ELECTROLYTIC STRIPPING 
Procepure Wits OrHer MetTHops 
or ANALYSIS 


In order to verify the results of hydrochloric acid 
electrolysis, a number of comparisons were made 
with other methods of analysis. The first of these 
involved only the free tin portion of the coating. 


A special cell was designed so that the solution in — 


which the free tin was anodically dissolved could be 
analyzed by the Sellars procedure (1). A direct com- 
parison on the same specimen was therefore possible. 
Typical results, obtained in this manner, are given 
in Table I for three weights of tin coating. 

A more complete evaluation was subsequently 
conducted to include free and alloyed tin and also 
the total amount of tin in the coating. Methods of 
analysis were acid and alkaline electrolytic strip- 
ping and Sellars’. Typical data on six No. 50 electro- 
lytic tin plates are summarized in Table II with 
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each value representing the average of six eter. 
minations. 

A joint project was undertaken to compar: the 
results of acid electrolysis with those obtained by 
the nondestructive x-ray absorption method. X-ray 
determinations were made on 4 in. disks of common 
coke hot dipped and No. 50 electrolytic tin plate by 
the U. 8. Steel Company Research and Development 


TABLE II. Acid electrolysis vs. alkaline electrolysis and wet 
chemistry procedure, lb/BB 


} | 


HCI electrolysi | NaOH 

ysis | electrol- | Total® 

t ota 
Free al | free tin tin | Coating 
0.44 | 0.10| 0.54 0.43 | 0.11 | 0.54 | 0.54 
0.40 0.03 0.43 | 0.30 | 0.03 | 0.42 | 0.4 
0.52) 0.04 0.56 | 0.51 0.04 | 0.55 | 0.56 
0.43 | 0.06) 0.49 0.43 | 0.06 | 0.49 | 0.50 
0.41, 0.09) 0.50 0.41 | 0.09 | 0.50 | 0.51 


0.43! 0.06. 0.49 0.42 0.06 


* Summation of free tin by NaOH electrolysis and al- 
loyed tin by Sellars’ procedure. 


TABLE III. Tin coating determinations on identical tin 
plate specimens by nondestructive x-ray and hydrochloric 
acid electrolytic methods, lb/BB 
No. 50 Electrolytic Common coke hot dipped 


Electrolytic X-ray 


Electrolytic | X-ray 
Free | Alloyed) Total Total —s er Total Total 


tin tin | coating| coating | coating | coating 


0.42 | 0.06 0.49 0.50) 0.82) 0.16) 0.98 0.98 
0.43 | 0.07 | 0.50) 0.51 0.89) 0.19) 1.08) 1.08 


[0.44 0.06 0.50) 0.49) 0.84 0.18 | 1.02 | 1.02 
0.44 | 0.06 | 0.50) 0.50! 0.75) 0.17) 0.92) 0.9 
0.43 | 0.07 | 0.50 | 0.50) 0.92) 0.20) 1.12) 1.2 
0.43 | 0.06 | 0.49} 0.49) 0.71) 0.19} 0.90 | 0.91 
0.43 | 0.07 | 0.50, 0.50) 0.98 0.20) 1.18) 1.16 
0.44 | 0.06 | 0.50) 0.51) 0.96) 0.18) 1.14) 1.12 
0.42 | 0.07 | 0.49 0.50) 0.67 0.17) 0.84 0.83 
| — | — | 0.88| 0.19| 1.07| 1.07 

Avg | 0.50 0.50 0.82) 0.20) 1.02) 1.0 

| 0.72) 0.19) 0.91) 0.91 

0.77 | 0.18 | 0.95 0.9 

0.70 | 0.18 | 0.88 | 0.99 

Avg | 1.01 | 1.01 


Laboratory, Pittsburgh, Pa., and the same samples 
forwarded to the American Can Company Labora- 


tory for electrolytic analysis. The results are given 
in Table III. 


Limitations 


The electrolytic tester determines the tin coating 
on one side of the plate. This has certain advantages 
when investigating the effect of tin’ on corrosion 
resistance since a given plate does not necessarily 


| 
| 
0.48 | 0.49 
ye 
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have lentieal coating weights on both sides. If the 
total \in coating weight is desired, it is obvious that 
two -cparate single side analyses are required. At- 
tempis have been made to devise a satisfactory pro- 
cedure for determining both sides simultaneously, 
but results to date have not been very encouraging. 
Unequal amounts of tin result in alloy dissolution 
on the lower coated side while free tin is present on 
the reverse face, consequently the time-potential 
curves have additional and indistinct end points. It 
is quite possible that this problem could be sur- 
mounted. 


CONCLUSIONS 


A new electrolytic procedure for determination 
of tin on tin plate was described which may be em- 
ployed with confidence to replace any of the present 
methods of tin coating analysis. The distinguishing 
feature is the estimation of free and alloyed tin in a 
single operation. This measure of alloy thickness 
surpasses other methods in reliability and speed. 
This method should find extensive use with the 


TIN-IRON ALLOY COATING WEIGHTS 359 


advent of “differential’® coated tin plates which 
were developed to conserve tin. 
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5 Designation applied to tin plates electrocoated with 
different amounts of tin on opposite surfaces. 
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Role of Crystal Orientation in the Oxidation of [ron 


Eart A. GULBRANSEN AND RuKA 


Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 


ABSTRACT 


The interface between a metal and its oxide or other corrosion films is a zone of great 
interest in the general phenomena of protection of metals. The system of iron and its 
oxides is considered in this work. Experiments are made using the electron diffraction 
high temperature camera on the oxidation of single crystals of iron. Definite orientation 
effects are found between the metal and the oxide if the oxidation is carried out slowly, 
for example, in a 50 per cent H,O-50 per cent H, mixture at 750°C or in high vacuum. 
Rapid oxidation shows that the original orientation effects are not carried through to 
thick films. 

The orientation effects are interpreted in terms of two principles: (a) the conservation 
of similar repeat distances in the two lattices and (b) conservation of atom density. The 
effect of the forward and reverse solid phase reaction FesO, + Fe — 4FeO is studied 
and it is shown that the orientation effects are carried through to the newly formed 
oxide. The results are discussed in their relationships to the general phenomena of 


oxidation and corrosion. 


INTRODUCTION 


The phenomena occurring at the interface be- 
tween a metal and its oxide during the course of a 
chemical reaction with oxygen are of great interest 
in the understanding of the mechanism of the reac- 
tion. Since the metal and the oxide differ in their 
crystal structures, a transition zone must exist be- 
tween the two structures. From energy and entropy 
considerations alone it may be expected that certain 
planes of the oxide may grow preferentially on a 
given plane of the metal. In this way the oxide may 
have varying degrees of orientat‘on depending upon 
energy conditions between the two structures, the 
rate of chemical reaction, and the nature of the 
oxidizing atmosphere. 

The mutual orientation of two different crystal 
structures when one is formed upon the other is 
called “epitaxie.”” For the historical development of 
these concepts one may refer to the work of 
Royer (1). 

It is the purpose of this paper to determine the 
mutual orientation of FeO and Fe,;O, oxide films or 
scales on iron when formed under varying oxidation 
conditions. These conditions include the following 
variables: (a) nature of the oxidizing atmosphere, 
(b) time of oxidation, (c) pressure, (d) temperature, 
and (e) heating and cooling cycles. The following 
problems will be studied: (a) the mutual! orientation 
between a-Fe and “FeO,” Wustite, as a result of 
oxidation in H,O-H, mixtures above 570°C, (b) the 
mutual orientation between Fe and Fe;Q, as a result 
of oxidation in H,O-H, mixtures below 570°C, (c) 
effect of pretreatment of the specimen on orientation 


‘Manuscript received July 23, 1951. 


of the oxide, (d) the mutual orientation between a-Fe 
and Fe,;O,, and a-Fe and “FeO” as a result of oxida- 
tion in high vacuum below 600°C, (e) the mutual 
orientation between a-Fe and the system of oxides 
formed by oxidation in oxygen atmospheres above 
570°C, and (f) the mutual orientation between a-Fe, 
“FeO,” and Fe;0, in the forward and reverse solid 
phase reaction, a-Fe + Fe;0, = 4“FeO.” 


Epitaxie in Metal-Oxide Systems 


Oxide orientation relationships involving Ba, Ni, 
Zn, Wo, Al, Cu, and several forms of Fe have been 
studied by various investigators under many dif- 
ferent conditions (2~12, 31, 32). 


Electron Diffraction Method 


Interpretation of electron diffraction patterns was 
made using reciprocal lattice networks, which are 
particularly convenient for use with electron diffrac- 
tion studies. The method has been applied to elec- 
tron diffraction in a number of cases (7, 13-21) 
based on fundamental theory (22, 23). 


SAMPLES AND APPARATUS 


The samples were prepared from Puron grade iron. 
An analysis of this material indicated that no metal- 
lic impurity was present to more than 0.0015 per 
cent. The chief impurity was oxygen, 0.04 per cent. 
Carbon was present to 0.005 per cent. Rods of this 
material were annealed in Hy at 875°C which re- 
duced the oxygen content so that the final analysis 
was 99.98+ per cent Fe. 

The strain-anneal method was used to prepare 
single crystals. Five-mil strips were given an anneal 
in a vacuum of 10-* mm of Hg or less at 875°C for 
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24 hours. The strips were stretched slowly to an 
elong:tion of 5 per cent over a period of 30 minutes, 
then .vnealed in high vacuum for 48 hours at 875°C. 

The strips were etched in nital which exposes the 
(100) faces, and similarly oriented crystals were 
identified by observations with a two-circle optical 
goniometer. The single crystals varied from 2 to 10 
mm on an edge. Specimens 0.475 cm in diameter 
were punched from the single crystals. The strips 
consisted of (100), (211), and (311) planes on the 
surface. 

Orientations of the specimens were determined, 
after etching in nital, with an electron microscope? 
using a diffraction adapter. These were checked in 
some cases by x-ray diffraction patterns. Specimens 


HEATED TO 750°C 750°C, VAC. 


VAC. 


ICM Op, 10 MIN. 
750°C 
PATTERN TAKEN 
IMMEDIATELY 


AFTER 2 
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PATTERN 60 SECONDS PATTERN IOMIN 
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750°C in this atmosphere (24). Single crystals of 
a-Fe having the free surface planes of (100), (211), 
and (311) were studied. 

A cross array of spots is observed in the different 
patterns in Fig. 1-1 and 1-2. A plot of the spots indi- 
cates a diagonal section through the origin of the 
reciprocal lattice representation. An unusual feature 
of these photographs is that the spots have long tails 
in a direction perpendicular to the shadow edge. 
These tails appear to be associated with the thin 
initial oxide film formed on the surface and indicate 
a relaxation of both the X and Z diffraction condi- 
tions. 

In Fig. 1 patterns 3 and 4 show double spots or 
arcs and indicate highly oriented crystals of ‘FeO.’ 


HEATED IN VAG. 
TO “750°C 


750°C, VAG. 1CM 3 MIN 
650°C 


AFTER 2 


FeO SPOTS,CUBE a-Fe203 PATTERN a-feo03 RANDOM FeO SPOTS +SOME 


PLANE OF RECIPROCAL MOSTLY RANDOM Fes0, RANDOM 
LATTICE. BEAM 10° ORIENTATION.SOME Fez0,4 SPOTS 
OFF OF TO (022) ARCING. FeO SPOTS 
EDGE. BOTH IN CUBE 
PLANE OF RECIP 
LATTICE. 


FeO RANDOM. CUBE CUBE PLANE OF Fe,0, 
PLANE IN RECIPRO- IN RECIPROCAL 
CAL LATTICE.BEAM LATTICE. BEAM I0° 
10° OFF OF (022) 

EDGE. 


FezQq RANDOM FeO SPOTS, CUBE 
PLANE IN RECIPROCAL 
LATTICE. BEAM 10° 
OF OF li TO (022) 


OFF OF 1 TO (044) EDGE. 
EDGE. 


Fig. 1. Orientation relationships a-Fe-‘‘FeO,”’ a-Fe-Fe;0,, and FesO,-‘‘FeO”’-oxidation of original (100) plane of a-Fe by 


H.-H,O mixture. 


were rotated in the apparatus while diffraction pat- 
terns were observed on the fluorescent screen. Thus, 
a particular cross array of spots could be identified 
and orientation marked on the specimen. 

A high temperature electron diffraction camera 
(25, 26) was used for all experiments. By choosing 
suitable beam apertures it was possible to study 
the diffraction pattern visually on the fluorescent 
screen. Photographs were made at critical points for 
detailed study. 


Resuits AND Discussion 
Mutual Orientation of a-Fe-“FeO” above 570°C 
(H,O-H, Mixtures) 

The orientation relationship between a-Fe and 
“FeO” was determined by oxidation of etched speci- 
mens in 50 per cent H,O-50 per cent H,. mixtures. 
Thermodynamic considerations indicated that 
“FeO,” Wustite, was the stable oxide at 650° and 


* Of the type RCA E.M.B. 


This may be interpreted as indicating that the oxide 
forming on the single crystal of metal is not a single 
crystal of “FeO” but rather a large number of crys- 
tallites aligned in an angular region around a given 
orientation. The effect of time of oxidation is to 
change the two-spot structure to a simple arc. 

Fig. 1, pattern 5 shows the diffraction pattern 
formed on cooling “FeO” through its transformation 
temperature where it is changed to Fe;0,. The spots 
corresponding to the Fe;O, film are ares indicating 
a highly oriented film of Fe,O, crystallites. Fig. 1, 
pattern 6 shows the diffraction pattern on reheating 
the specimen in vacuum to 650°C. The transforma- 
tion to “FeO” occurs during the heating cycle. 

Tables I and II summarize experimental results 
for oxidation of the three crystal faces at 650° and 
750°C. In all cases a cube direction [010] of “FeO” 
or Fe;O, is found to lie parallel to the [110] direction 
of a-Fe. These results confirm the work of other 
investigators (2, 31). 
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TABLE I. Oxidation (100), (211), and (311) planes of a-Fe, H.-H,O mizture, 650°C 


Temp 


485 


| Vacuum _ a-Fe spots 


| Vacuum a-Fe spots 
section through origin, 


Oxidation conditions Crystal structure representation al 


Plane, diagonal section | of | lattice 


Vacuum a-Fe spots 
0.7 em H,O + 0.7 em He, 1 min- | “‘FeO”’ spots, spots are pom | Cube section through origin, 
ute bled | (100) plane in surface 
0.7 em H.O + 0.7 em Hz, 60min- | “‘FeO”’ spots, spots are arced | Cube section through origin. 


utes Ges) plane in surface 


Plane, diagonal section through of reciprocal lattice 


0.3 em H,O + 0.3em H2,1 min- | ‘‘FeO”’ spots 


ie | = (110) plane in surface 
0.3em H.O + 0.3em 30 min- | “FeO” spots Cube section through origin, 
utes | 


= (110) plane in surface 


Plane, diagonal section » through origin of lattice 


Vacuum, specimen in  a-Fe spots 


H, 
0.3 em H,O + 0.3 em Hz, 1 min- | “FeO” arced spots + small Cube section through origin, 
ute amount random _ (310) plane in surface 
0.3 em H.O + 0.3 em H;, “FeO” arced spots + small | Cube section through origin, 
amount random (310) in surface 


TABLE II. Oxidation (100), (211), and Fe, aed H.O mizture, 750°C 


Temp 


750 


750 


750 


0.7 em + 0.7 em He, min- ‘FeO’ spots 


0.3em + 0.3 em He, 1 min- | “FeO” spots 


Orientation of reciprocal 
Oxidation conditions Crystal structure lattice representation 


A. (100) Plane, section origin of lattice 


Vacuum “FeO” spots | Cube section pare origin, 


(100) plane on surface 


ute |. (100) plane on surface 

0.7 em H,O + 0.7 em He, 10 min- | “FeO” spots Cube section through origin, 
utes _ (100) plane on surface 

0.7 em H,O + 0.7 em H2,60min- | “FeO” spots Cube section through origin, 
utes (100) plane on surface 

Heated in vacuum, 60 minutes ‘‘FeO”’ spots Cube section through origin, 


more on surface 


B. (211) Plane, section of lattice 


Vacuum, specimen reduced in a-Fe spots 
H, 


0.3 em H, + 0.3em H,O,1 min- | a-Fe spots + Fe,O, spots Cube section through origin. 


ute = (110) plane on surface 


0.3em H, + 0.3em H.O, 20min- | “FeO” spots + slightrandom Cube section through origin, 


utes | pattern = (110) plane on surface 


C. 1) Plane, diagonal section through of lattice 


Vacuum a-Fe spots + “FeO” spots Cube section through origin, 


| | (310) plane on surface 


ute | (310) plane on surface 


0.3 em H,O + 0.3 em H, “FeO” spots + slight random Cube section through origin, 


pattern on surface 


Cube section through origin, 


Cube section through origin, 
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™ 4. Polished and annealed specimen.—Since etching of “FeO” for this surface of a-Fe. 
gin, in nital not only — (100) faces but may also Mutual Orientation a-Fe and Fe;O, Below 570°C 
eave traces of impurities on the surface, an alterna- (H,O-Hz Mixtures) 
ive procedure was used for removing the disordered 
wirface crystals produced by the abrading procedure. To avoid formation of an “FeO” layer between 
One sample was abraded with 4/0 polishing paper a-Fe and Fe,O, as well as formation of a-Fe.O; 
4 TABLE III. Oxidation (100), (211), and (811) planes of a-Fe, H2-H,O miztures below 570°C 
om Pattern No. be Oxidation conditions Crystal structure Orientation ay bg in reciprocal 
A. (100) Plane, diagonal section through origin in reciprocal lattice of a-Fe, 300° and 500°C 
1 300 Vacuum a-Fe spots, trace random 4 
Fe,0, 
gin, 2 300 0.4 em H,O + 0.35 em Hy, 15 Slight random Fe;0,, weak Cube section through origin, 
minutes Fe;O, spots (100) plane in surface 
gin, 3 300 0.45 em H,O + 0.35 em He, 20 Random Fe;Q,, Fe;0, spots Cube section through origin, 
minutes additional (100) plane in surface 
4 500 0.45 em H,O + 0.35 em H2, 10 Fe;O, spots, weak random Cube section through origin, 
minutes additional Fe;,O, (100) plane in surface 
5 545 Vacuum Fe,O, spots, trace random Cube section through origin, 
Fe,0, (100) plane in surface 
B. (211) Plane, diagonal section through origin in reciprocal lattice of a-Fe, 400°C 
1 400 Vacuum, reduced in H, a-Fe spots + Fe,O, spots Cube section through origin, 
= (110) plane in surface 
mn, 2 400 0.3 em H.O + 0.3 em min- | Fe;0, spots + trace a-Fe Cube section through origin, 
ute spots = (110) plane in surface 
pa, 3 400 0.9em H.O + 0.lem He, 20min- Fe,O, spots Cube section through origin, 
*" utes = (110) plane in surface 
sin, C. (311) Plane, diagonal section through origin in reciprocal lattice of a-Fe, 400°C 
. 1 650 Vacuum, reduced in H, a-Fe spots 
2 400 0.4em + 0.1em He, 20 min- Fe,;O, spots + trace random Cube section through origin, 
utes | Fe;0, (310) plane in surface 
and then annealed for 60 hours at 850°C in a vacuum in contact with Fe;Q,, it was essential to study the 
of about 10-° mm of Hg. This specimen, having oxidation below 570°C and in H.O-H. mixtures. 
sin, originally the (211) plane on the surface, showed an a-Fe,O; was readily reduced to Fe;0O, by He at 
oriented pattern of “FeO” on heating to 650°C. The 400°C if the partial pressure ratio of H»O/H» was 
gin, ross array of spots was identical with that found on maintained below 173000/1 while Fe;O0, was not 
xidation in H,O-H, mixtures of the etched (211) reduced by He if the H,O/H: ratio was maintained 
surface of a-Fe. Further oxidation in H,O-H, mix- greater than 1/6.72. Mixtures of HO and He of 50 
‘ures showed similar diffraction patterns. per cent H,O-50 per cent H, up to 90 per cent H,O- 
gin, It was concluded that the disordered surface crys- 10 per cent H» were used in these experiments. 
é als were oriented to the original a-Fe orientation Oxidation experiments were made on the three 
wa vy the long anneal and that the “FeO” crystals single crystals in H,O-H, mixtures in the tempera- 
a, ormed by vacuum oxidation arranged themselves ture range of 300° to 500°C. Table IIT shows results 
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Effect of | retreatment on Orientation of Oxide with 
the Metal (above 570°C) 


Two cllects are studied: (A) the orientation pro- 
juced on a polished and annealed specimen, and 
B) the effect of hydrogen reduction of the surface 
xide on the orientation of “FeO” produced in sub- 
sequent oxidation. 


it the characteristic orientation for this surface. 
_B. Reduction by dry Hz.—The specimen described 
in A, having an oriented layer of ‘“FeO” crystallites, 
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was next exposed to He at 1 em of Hg pressure for 
2 minutes. After evacuation, the diffraction pattern 
showed a mixture of a-Fe and ‘‘FeO”’ spots with the 
a-Fe having the orientation of the base metal (211) 
and the “FeO” having the same orientation as be- 
fore treatment with H». Subsequent oxidation in 
H,O-H, mixtures gave the characteristic orientation 


for oxidation of the (100) plane of a-Fe at 300° and 
500°C and the (211) and (311) planes at 400°C. All 
patterns of Fe;0O, show orientation effects and the 
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HEATED TO 490°C COOLED To 75°C 


SPOTS DIAGO- 
NAL PLANE OF RECIP, 
LATTICE +RANDOM 


Fe,0, 


HEATED TO 585°C COOLED TO 25°C 
REHEATED 500°C 
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[RANDOM Fe,0, 
+TWO SPOTS ON 
2.10 A (400) AND 
1.05 (800) RINGS 
TO SHADOW EDGE 


HEATED TO 490°C 


SAME AS 2 


HEATED TO 575°C 


COOLED TO 152°C 


SAME AS 2 


SAME AS 2 


1CM Og 5 MIN 700°C 


10 MIN AFTER 


[RANDOM Fe O + TWO [SAME AS 2 WITH 
SPOTS 1 TO SHADOW| SOME ARCING 
EDGE ON 2.14A(200) 

AND 1.074 (400) RINGS 

_ SOME ARCING 


8 9 
SAME AS 6 WITH RANDOM FeO 
SOME ARCING NO ARCING 


Fig. 2. Mutual orientation a-Fe and Fe,;0,, and ‘““FeO”-vacuum oxidation below 600°C (100) plane of a-Fe 


400 
650 
650 
650 
650 


TABLE IV. Oxidation (211) surface of a-Fe low pressure O2, 650°C 


Oxidation conditions 


Crystal structure 


A. (211) Plane in surface, diagonal plane through origin of reciprocal lattice 


Septem vr 1952 


HEATED TO 


Orientation of oxide, reciprocal 


* lattice representation 


Vacuum 

1 minute 

1 em O2, 19 minutes additional 
| 1 em O:, 2 minutes additional 
| Vacuum, 10 minutes after 4 

| Vacuum 


_a-Fe spots 
Random ‘“‘FeO”’ _ None 
Random ‘‘FeO”’ _ None 
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orientation relationships observed are identical with 
those found for “FeO” at 650° and 750°C. 


Mutual Orientation a-Fe-Fe;0, and a-Fe-FeO- 
Vacuum Oxidation Below 600°C 


It has been noted previously that oxidation of 
single crystal sheets of a-Fe at temperatures of 200° 
to 500°C produces completely random oxide pat- 
terns over a comparatively wide range of oxide 
thicknesses. These observations appear to differ 
with experiments of Nelson (31) on evaporated iron 
films. 

The growth of orientation was studied under what 
appeared to be the best conditions outside of the 
Oxidation occurred under 
vacuum conditions of the order of 10-' mm of Hg 
or lower with a relatively low rate of attack and 
under conditions where a-Fe,O; was not formed. 

Fig. 2 illustrates the smaller orientation effects 
encountered on heating and cooling a vacuum- 
formed oxide film (10-5 mm of Hg) on the (100) 
plane of an a-Fe specimen etched in nital. The tend- 
ency to form an oriented pattern increased with time 
and with the number of heating and cooling cycles. 

A similar behavior, except for a slower vacuum 
oxidation, was observed for a similarly prepared 
(211) plane of a-Fe. Long heating of another sample 
produced a greater amount of orientation approach- 
ing that found in the H,O-H, oxidations. 

a-Fe spots initially present in these experiments 
were observed to develop “tails” in a line perpen- 
dicular to the shadow edge. These disappeared as 
the oxide pattern became predominant. 

The small amount of orientation that was present 
in these experiments was consistent with that ob- 
served for the H.O-H, oxidation. 

Slow oxidation under vacuum conditions below 
570°C did not form the highly oriented layers of 
which were formed by the H.O-H, mixtures 
at the same temperatures. Some arcing was noted in 
the patterns and the oxides did orient to some ex- 
tent with the underlying metal and in the same di- 
rection as found with the H,O-H, mixtures. Oxida- 
tion at 700°C gave an essentially random “FeO” 
structure although some orientation carry-over was 
noticed when the specimen was heated at 700°C for 
several hours and reoxidized. It is concluded that 
formation of completely oriented patterns in vacua 
at temperatures of the order of 600°C is a slow 
process compared to the results obtained with H.O- 
mixtures. 


Mutual Orientation of a-Fe and the Iron Oxides 
Formed by Oxidation in O, Above 570°C 


Two types of surfaces will be compared: a speci- 
men having the (211) plane in the surface but free 
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from the presence of an oriented oxide film, and a 
specimen having the (100) plane in the surface and 
previously oxidized in H,O-H2 mixtures to form a 
highly oriented “‘FeO”’ film. 

Orientation of the surface of the first specimen 
was checked by taking a diffraction pattern at 400°C 
during the heating cycle. The specimen was next 
heated to 650°C and a number of oxidation experi- 
ments made. Table IVA shows the results for several 
oxidation experiments. The solid phase reaction of 
Fe,O, + Fe — 4FeO” was allowed to take place 
before the diffraction patterns were photographed, 
except in pattern 4. Completely random patterns of 
“FeO” are observed. Pattern 4 shows a random pat- 
tern of a-Fe.,O; since the picture was taken imme- 
diately after evacuation. 

No orientation effects were observed for condi- 
tions studied. Long periods of heating or oxidation 
might aid the formation of an oriented film or scale. 

The second specimen, having the (100) plane in 
the surface was oxidized in a 50%H,O-50%H2 mix- 
ture at 650°C to form a highly oriented film of 
“FeO.” The specimen was cooled to room tempera- 
ture and upon heating to 650°C a pattern of “FeO” 
arced spots was obtained together with a random 
pattern of “FeO.” Table IVB describes a series of 
oxidation experiments at 650°C for several oxida- 
tion times and pressures. The influence of the ori- 
ented layer of “FeO” was important in the growth 
of the additional oxide layer since the arced spot 
pattern was present in the patterns, with the excep- 
tion of pattern 6. Here the solid-phase reaction had 
not taken place. 

This experiment leads to the conclusion that pres- 
ence of an oriented layer of oxide aids formation of 
additional oriented layers. 


Mutual Orientation—Solid Phase Reactions of Fe 
with the Higher Oxides Above 570°C 


It has been shown (27) that when a-Fe is oxidized 
above 570°C the oxides Fe;0, and a-Fe:O; are 
formed in the outer layers of the oxide film or scale. 


The following reactions occur continually in the 
oxide above 570°C: 


4a-Fe.O; + Fe 3Fe;0, (T) 
and 
Fe,0, + Fe — 4“FeO.” (II) 


If the system is evacuated the higher oxides are com- 
pletely reduced to ““FeO” at 750°C in a few minutes. 

A specimen, having the (211) plane in the surface, 
was oxidized in a H,O-H: mixtue to form a highly 
oriented layer of “FeO.” Orientation relationships 
of the metal to the oxide were the same as those 
listed in Tables I and II. The specimen was placed 
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in a diffraction camera and heated to 750°C in vacuo. 
The two experiments illustrated in Fig. 3 show that 
the original oriented “FeO” layer determined final 
orientation of the additional oxide layer formed in 
oxidation. The rate of formation of the oriented 
layer from the unoriented higher oxides appeared to 
be of the same order as the rate of reduction of the 
higher oxides by iron. Thus, formation of the ori- 
ented layer seems to occur by diffusion of iron 
through the “FeO” film to the “FeO’’-Fe,O, inter- 
face where reaction with Fe;0, occurs to form 
“FeO,” the “FeO” being laid down on the original 
“FeO” structure. 

Orientation relationships between a-Fe and “FeO” 
and Fe,O, spots are the same as have been previously 
noted for Tables I and II for the (211) plane of a-Fe. 


IMIN, 650°C 
HEATED TO 485°C HEATED TO 650% 0.7CM H20 + 
VAG. VAG, 0.7CM He 


SPOTS DIAGONAL 
PLANE OF RECIPRO- 
CAL LATTICE OF 
SINGLE CRYSTAL 
OF a-Fe 


SAME AS | 


FeO CRYSTALS 
CUBE PLANE OF 
RECIPROCAL 
LATTICE 


SPOTSARE ARCED 
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tion. This may be expected from the simil::rity in 
crystal structures as noted by Goldschmidt 28), 


Conditions for Producing Oriented Oxide Films 


There are several possible reasons for the formatioy 
of highly oriented oxide films by H,O-H, Oxidation 
atmospheres even though oxidation in vacuo and jy 
oxygen atmospheres produced only slightly oriented 
films unless these films were heated for long periods 
of time in high vacuo. 

The fact that an oxide film is made up of many 
small crystallites on each grain of metal has beey 
studied in some detail (29). Crystals of oxide which 
were oriented to the metal structure were more 
stable thermodynamically than the unoriented crys. 
tallites of the oxide. Given sufficient time the yp. 


60 MIN 650°C 
0.7 GM H20 + 
O7 He 


COOLED TO 350T HEATED TO 650°C 
VAC. VAC. 


3 


SAME AS 3 SPOTS ARE ARCED SAME AS 4 


BUT BROADER Fe30, CRYSTALS FeO CRYSTALS 
ARCS 


CUBE PLANE OF 
RECIPROCAL 
LATTICE 


Fig. 3. Orientation relationships (a) oxidation of a-Fe (211) plane and (6) solid phase reaction of Fe with a-Fe.O; and Fe,(), 


Discussion 
Orientation Relationships 


Orientation relationships between a-Fe and “FeO” 
and between “FeO” and Fe;O, found by Mehl and 
McCandless (2) are confirmed in this study. They 
suggest that the face-centered tetragonal structure 
contained within the body-centered structure of o-Fe 
having an axial ratio c:a equal to 1:+/2 expanc .o 
form the face-centered cubic lattice of iron atu. 
in “FeO” with an axial ratio of unity. 

The present studies of a-Fe-Fe,;0, mutual orienta- 
tion show similar orientation relationships to that 
for a-Fe-“FeO” for the three surfaces of a-Fe. The 
cube plane of Fe;O, grew on the cube plane of a-Fe 
with the [010] direction of Fe,O, parallel to the [110] 
direction of a-Fe. 

Orientation relationships between Fe,;O, and 
“FeO” are such that one structure transforms into 
the other with a conservation of the originai orienta- 


oriented crystallites gradually formed oriented crys- 
tallites. Whatever the mechanism of this reaction, 
a rather high energy barrier tended to prevent this 
from occurring. The tendency to form oriented films 
was aided by increasing the temperature and holding 
for long periods of time in vacuo. 

In the presence of a H.O-H;, mixture it is probable 
that the H, may reduce the thermodynamically less 
stable unoriented crystallites leaving the oriented 
ones to grow by oxidation with the H,O. In this 
manner a highly oriented film of “FeO” can be 
formed. 


There still remains the problem of explaining the 
results of Nelson (31) on oriented evaporated films 
of iron. It would appear that the only important 
difference between the experiments is that the size 
of the iron crystals in evaporated films is smaller 
than those used in this study. The role of the crystal 
size has not been considered in this paper. 
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/recting Influence of the Metal Substrate 
Crystal Structure 


Bénard (30) suggested two rules for the directing 
influence of erystal structures in oxidation reaction: 
a) the oxide tends to orient itself to the metal struc- 
ture to produce as near a coincidence as possible of 
the repeat distances between the metal atoms in the 
two structures, and (6) planes of high atomic density 
in the oxide tend to orient to high density atomic 
planes in the metal consistent with the geometry of 
the two structures. 

In the oxidation of iron, the diagonal distance 
across the body-centered iron cube is of length 
ay V2 or 4.04 A. Upon this direction the cube direc- 
tion of “FeO” tends to grow of length 4.29 A. The 
fit is not perfect and thus an element of strain is 
present at this interface. This agreement indicates 
that the first rule may be important. The planes of 
high atomic density in a-Fe are the planes (110) 
while the planes of maximum density of “FeO” are 
the planes (111). However, geometrical aspects must 
also be considered since it is impossible to bring into 
coincidence by a single rotation the 4(110) planes of 
a-Fe with the 4(111) planes of “FeO.” The more 
feasible arrangement is the parallelism of the (110) 
planes of a-Fe with the (100) planes of “FeO.” 


SUMMARY 


Orientation of oxide films and scales formed on 
single crystals of pure iron was studied using the 
high-temperature electron diffraction reflection cam- 
era. Effects of the nature of the oxidizing atmos- 
phere, temperature, time, pressure and surface 
preparation were considered. The three prominent 
surface planes, (100), (211), and (311), found in the 
strain-annealed preparations from rolled Puron strip 
are used as specimens. 

Oxidation in H,O-H, mixtures at 650 and 750°C 
showed highly oriented films of ‘“‘FeO”’ for all three 
planes (100), (211), and (311). In each case the [010] 
direction of “FeO” was found to grow in the [110] 
direction of a-Fe. 

Oxidation in H,O-H, mixtures at 300 to 500°C 
produced highly oriented films of Fe;O, for all three 
planes (100), (211), and (311). Orientation relation- 
‘hips with the a-Fe crystal surface were the same as 
lound for “FeO,” 

A study of the forward and reverse transforma- 
tions following the equation Fe,O, + Fe 4“FeO” 
‘howed that the orientation relationships are con- 
erved and at no time is the high degree of orienta- 
ion lost in either the forward or reverse reactions. 
This would indicate a very close similarity in struc- 
‘ure between the “FeO” and Fe;O,. 
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Oxidation in vacuo of the order of 10-> mm of Hg 
showed a number of interesting features. During the 
first heating cycle and below 500°C the cross array 
of spots corresponding to the metal showed long 
tails rather than the normal spots. This was asso- 
ciated with the extremely thin oxide film. Thicker 
films showed randomly oriented patterns of either 
Fe;O, or “‘FeO” depending upon the temperature al- 
though one or two spots were observed. Long heat- 
ing in vacuo combined with heating and cooling 
cycles gradually developed a small degree of orienta- 
tion. However, the process was an extremely slow 
one compared to the use of H.O-H» mixtures. 

Oxidation of specimens in oxygen at 600°C showed 
that a randomly oriented oxide film is formed. How- 
ever, if an oriented layer of “FeO” is first formed in 
H,O-H, mixtures, the oxide rapidly takes on the 
orientation of the original “FeO” layer. 

A study is made of the orientation relationships 
occurring in the solid phase reactions 


4a-Fe.O; + Fe 3Fe,0, 
and 
Fe;0, + Fe 4°FeO.” 


If the reaction is studied by additional oxidation on 
an already oriented “FeO” layer the outer layer of 
the oxide film consists of nearly randomly oriented 
a-Fe.O;. After a period of time the orienting influ- 
ence of the “FeO” layer is seen and in a period of 
ten minutes at 750°C the pattern shows a highly 
oriented layer of “FeO.” The newly formed “FeO” 
takes on the original highly oriented structure of 
the “FeO.” 

The orientation relationships observed are dis- 
cussed in terms of the directing influence of one 
structure on another, according to conservation of 
atomic spacings and the conservation of high atomic 
density planes. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1953 issue of the Jour- 
NAL. 
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